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ABSTRACT

Ammonia treatment of flax straw (Linum usitassimum ) (FLAX), wheat straw

(Triticwn aestivum ) (WHST) and wheat chaff (WHCH) was evaluated in a two year study
by examining the effect of 3.5% (w/w) anhydrous ammonia treatment on chemical

composition, in vitro and in vivo digestibility and voluntary intake. Ammoniated flax

straw (NFLAX), wheat chaff, ammoniated wheat chaff (NWHCH) and ammoniated wheat

straw (NWHST), supplemented with barley, were compared to bromegrass (Bromus
inermis ) /alfalfa hay (Medicago sativa )(HAY) as maintenance rations for cows over two

years. Lentil straw (Lens culinaris ) (LENTIL) and ammoniated lentil straw (NLENTll...)
treatments were added in Year 2 of the study. All levels significant at P<0.05.�

Crude protein (CP) contents of FLAX, WHCR, WHST, LENTIL and HAY

(Year1, Year2) were 2.S, 4.0; 5.7, 6.4; 3.1, 5.7; -, 7.5 and 14.5, 17.4% respectively
while acid detergent lignin (ADL) contents were 10.6, -12.S; 6.6, 6.3; 6.S, 6.8; -,9.4 and

.

4.2, 5.3% respectively. In vitro organic matter digestibility' (IVOMD) was 36.4, 39.2;

39.2, 44.7; 43.3, 33.5; -, 50.1 and 68.8, 71.5% respectively. Ammoniation improved
CP content of FLAX, WIlCR and WIlST 96.4, 112.3 and 109.7% in Year1 and 125.0,
114.1 and SO.7% in Year2 respectively. CP content of LENTn.. improved 12S%.

Respective values for IVOMD improvement were 30.5, 2S.S and 3.5 and 16.1, -7.2 and

26.6% bfor FLAX, WHCR and WHST respectively. IVOMD of LENTll.. improved
6.4%.

In Year1 of the winter maintenance trials cows received from 2.3 to 5.6 kg d-l

barley and from 3.0 to 10.1 kg d-1 crop residue. Intake ofHAY fed alone averaged 10.2

kg d-l over 112d. Average daily gains (ADO) of cows (mature cows (4 years and older),

younger cows (3 years old» fed HAY (LIS, 1.16 kg d-1) were greater than cows fed

NFLAX (0.91,0.97 kg d-1) which were greater than cows fed NWHCH (0.71, 0.76 kg d

I) and cows fed WHCR (0.55, 0.68) and NWHST (0.56, 0.70). ADO of cows fed

NWHCH were significantly higher than those of cows fed WHCH despite lower levels of

barley. Change in backfat (BF) of younger cows was greatest for HAY and NFLAX

(4.Omm) followed by NWHST and NWHCH (2.Omm) and then by WHCH (O.Omm).

Barley intake in Year2 ranged from 1.7 to 2.4 kg d-1. Intake of crop residues

ranged from 4.5 to 8.S kg d-I while intake of HAY averaged 8.5 kg d-I over 78d. In

iii



mature cows, ADO were greatest for LENTll.. (0.63 kg d-1) followed by NLENTll.. (0.40
kg d-1) and NWHCH (0.23 kg d-1) and then by NWHST (0.19 kg d-1), NFLAX (0.14 kg
d-1), HAY (0.12 kg d-1) and WHCH (0.06 kg d-1). ADO of younger cows were greatest
for HAY (0.71 kg d-1), NLENTIL (0.69 kg d-1), LENTll.. (0.61 kg d-1) and NWHST

(0.57 kg d-1) followed by NWHCH (0.45 kg d-1) and then WHCH (0.42 kg d-1) and

NFLAX (0.35 kg d-1). Change in BF was not significant for mature or younger cows and

averaged less than ! mm. Level of barley was constant for type of crop residue.

Therefore, differences in ADG between untreated and ammoniated WHCH and LENTll...

are due to differences in energy availability.

In vivo organic matter digestibility (IVVOMD) was determined indirectly. In

Yearl , flax and wheat straw rations were supplemented with 2 kg sweet clover (Melilotus
officinalis ) and 1 kg dairy concentrate while wheat chaff rations received dairy concentrate

alone and hay was fed alone. IVVOMD of FLAX, WHCH, WHST and HAY was 33.9,
55.3, 42.6 and 62.0% respectively. Ammoniation improved IVVOMD of FLAX and

WHCH significantly by 72% and 14.8% respectively. In Year2 all rations except HAY

were supplemented with 1 kg alfalfa pellets. IVVOMD of FLAX, WHCH, WHST,
LENTll.. and HAY were 64.2, 44.5, 37.8, 40.0 and 61.7% respectively. Ammoniation

improved IVVOMD of WHCH and WHST significantly by 32.3% and 27.5%

respectively. IVVOMD ofNLENTIL was nonsignificantly improved by 16.0%.

Improved IVOMD and IVVOMD resulting from ammoniation was partially due to

improved fiber digestibility. Fiber digestibility (Neutral detergent fiber digestibility
(NOFD), acid detergent fiber digestibility (ADFD» of FLAX, WHCH and WHST in Yearl

were improved 379, 343; 22.2, 20.7; and 47.9, 75.9%. In Year2 fiber digestibility
(NDFD, ADFD) of FLAX, WHCH, WHST and LENTIL improved 8.8, 35.0; 44.5, 70.3;
24.4,36.7 and 8.0, 6.2% respectively. Changes in NDFD and ADFD were significant for

FLAX in Year! and WHCH in Year2 and for ADFD of WHST in Yearl. NDFD and

ADFD of HAY were 50.2% and 43.2% in Year! and 57.3% and 45.2% in Year2. Intake

of FLAX and WHCH improved significantly in Year1. Intake of WHST improved
significantly in Year2.

Changes in chemical composition, IVOMD, IVVOMD and OM! of flax, wheat and

lentil straw and wheat chaff indicate that ammonia can improve the nutritive value of these

crop residues but that response is variable and dependent on initial straw quality, OM

content and ambient temperature at time of curing. ADO was excessive in Year! of the
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winter maintenance trials. However, when barley supplementation was limited to 1.7 to

2.4 kg d-1 all crop residues examined produced adequate ADO in non-lactating, gestating
beef cows entering the wintering period in good condition.
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1

J. INTRODJJCTION

More than 50 million tonnes of crop residues of various types are available for

feeding to ruminant livestock in western Canada each year. However, crop residues are of

poor nutritive value because of their high level of lignification and high fiber content. In

addition, they are deficient in N and therefore crude protein (CP).

Because of their chemical composition, the potential digestibility of crop residues is

limited to 20% to 50% in vitro organic matter digestibility (lVOMD). Low digestibility in

tum leads to low voluntary intake of crop residues. Because of these characteristics intake

of digestible energy is only 100 Kcal kg-l d-l (Streeter and Hom 1980) or about 70% of

the NRC recommendations (NRC 1984; Mathison et ale 1981) for non-lactating gestating
beef cows.

Crop residues can be chemically upgraded for use in maintenance rations of beef

cows. The chemical treatment of choice in western Canada is anhydrous ammonia because

there is a ready supply of the chemical and because it is relatively cheap and easy to apply
to large quantities of crop residues (Horton and Steacy 1979).

Treatment with anhydrous ammonia improves the nutritive value of crop residues

by increasing the CP content and by improving the digestibility of the fiber component
which leads to increased intake of digestible nutrients. Increased energy and N content of

ammoniated straw improves the fermentation conditions in the rumen. Improved
fermentation leads to increased rate of digestion and ruminal emptying. Increased rate of

digestion in tum allows the animal to increase its level of intake.

A large body of information exists in the scientific literature on the effect of

ammoniation on cereal straws. Average improvement in N content of straws treated with

ammonia is 0.8 to 1.0 percentage unit, equivalent to an increase of 5 to 6 percentage units

in CP (Sundstel et al. 1978). Males (1987) reviewed trials conducted from 1977 to 1985

and reported that improvement in in vitro dry matter digestibility (IVDMD) ranged from

15% to 72% but average improvement was 32%. In vivo dry matter digestibility
(IVVDMD) improved an average of 11 %. Increases in intake of straw range from 10% to

27% (Herrera-Saldana et ale 1982; Horton and Steacy 1979).



2

An important factor in the efficacy of ammonia treatment is the initial nutritional

quality of crop residues which is characteristically highly variable. Kernan et ala (1979)
showed that the CP content of 14 cultivars of wheat (Triticum aestivum L.), oat (Avena
sativa) and barley (Hordeum vulgare L.) improved from 4.7 to 8.1 percentage units while

the increase in content of digestible organic matter (DOM) ranged from 6.1 to 8.6

percentage units.

As indicated previously, information on the effect of ammonia treatment on cereal

straw is abundant. However, less information is available on the effect of ammonia

treatment on non-cereal crops residues. The need for this information may become

important as more non-cereal crops are grown in western Canada. As new crops are

incorporated in rotations, increased amounts of non-cereal crop residues are available for

feeding to ruminants.

The objective of this study was to examine the effect of ammoniation on wheat

chaff, flax straw and lentil straw in comparison to ammoniated wheat straw and

bromegrass/alfalfa hay. This objective was carried out by examining the effect of

ammoniation on chemical composition of the crop residues. In addition, two experiments
were conducted to determine the effect of ammoniation on digestibility and voluntary intake

of crop residues by steers. Two additional studies examined the efficacy of ammoniated

flax, lentil and wheat straws and wheat chaff as well as untreated lentil straw and wheat

chaff in maintenance rations of non-lactating gestating beef cows.

Trials were carried out in 1985-1986 and 1986-1987. Flax and wheat straws and

wheat chaff were studied in both years of the trial while the lentil straw treatments were

added in the second year of the study.
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2.0 REVIEW OF THE LITERATURE

2.1 Crop Residues in Western Canada

2.1.1 Availability of Crop Residues for Livestock Feed

Western Canada is a major field crop growing area and residues from these crops

are abundant These residues may be removed from the field or burned for agronomic
reasons. As many countries are proposing legislation to limit burning as a method of

disposal alternatives are important (Owen 1976). Close proximity to the cattle population
facilitates the use of crop residues as bedding and feed (Klopfenstein and Owen 1981). In.
western Canada, supply of crop residues is sufficient to meet the energy requirements of

f

the entire beef cattle population.

Agronomic benefits derived from removal of crop residues from the land may be

broad. Straw may be removed because its abundance or slow degradability obstruct

preparation of the seed bed for the succeeding crop. Coarse straw from flax and canola fall

into the latter category (Braidek 1975). Removal of chaff, the non-grain spike components
collected separately from straw, have been shown to reduce the cost of chemical fallow by
$25 to $30 per acre (Rennie 1986). This saving is attributed to removal from the field of

weed seeds and small and broken grains as well as germination inhibitors whose

persistence in the soil can inhibit germination of the succeeding crop (Guenzi and McCalla

1966a, b; Salmon et al. 1986).

Caution must be exercised in the amount of residue removed from the field. The

amount of organic matter removed from the land for feed must be of secondary importance
compared to retention of organic matter in the soil. Removal of crop residues from the soil

may reduce soil tilth (organic matter) and increase the risk of wind and water erosion

(Anonymous 1987). Depending upon soil type and topography, an average of one-half the

total residue can be removed (Larson et al. 1978). With respect to cereal crops, straw

available for removal from the land is less when heavy cultivation and crop rotation

practices increase the oxidation of organic matter from the soil. On the other hand, when

organic matter is cycled through ruminants and returned to the soil as manure, a greater

proportion of crop residue may be removed. In some cases, residues offer little erosion
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Table 2.1 Availability of selected crop residues for ruminant feeding
(106 tonnes).t

Crop 1986 1987 Factor Reference

Wheat straw 30.5 25.0 1 kg straw : 1 kg grain Owen 1976

Barley straw 13.3 12.5 1 kg straw : 1 kg grain Owen 1976

Wheat chaff 8.1 7.7 590 kg/ha Padbury&
Marciniak 1986

Barley chaff 1.8 1.9 41Dkg/ha Padbury&
- Marciniak 1986

Flax straw 3.0 2.5 3,982 kg/ha Rowland 1980

Lentil straw 0.4 0.7 2,934kg/ha Erskine &

Witcombe 1984

Total 61.J 52.�
t Calculates as Factor x tonnage or acreage (Statistics Canada 1987a,b, 1986) as

appropriate.

control (Austenson 1975; Braidek 1975) and planting a cereal on stubble is the

recommended management practice. Flax and lentil straw are examples of this situation.

Here, full removal of straw may be practiced.

Table 2.1 shows the availability of selected crop residues for livestock feed without

detriment to soil organic matter for western Canada. Cereal crops produce the greatest
amount of crop residue in western Canada. The amount of straw available for removal

from the land, after leaving sufficient residue for erosion control and snow catching, is

approximately 1 kg of straw I kg of grain harvested (Anderson 1978; Rennie 1979). This

level of available crop residues would be reduced as a function of field losses and amount

of standing stubble left for snowcatching.

Chaff constitutes a surprisingly large proportion of the total cereal crop residue

yield One-quarter to one-third of total spring wheat residue is chaff (Coxworth et aI.

1980; de la Llata and Swingle 1979; Kernan et al. 1984). The amount and quality of chaff

is generally unrelated to agronomic traits important to grain production (White and
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Bergman 1985). However, there is great variability in quantity of chaff collected (kg ha-l.).
This is attributed to large differences in harvesting losses. In a recent Saskatchewan study,

producers collected an average of 590 kg ha-I (range 290-1115) wheat chaff and 410 kg
ha-1 (range 250-560) barley chaff (Padbury and Marciniak 1986). In an earlier report, one

Canadian fanner harvested only 224 kg ha-1 wheat chaff (Lyster 1979).

Other crop residues are also available in large amounts in western Canada. Flax has

been incorporated into crop rotations for many years. Rowland (1980) reported straw

yields of 3795 kg ha-1 in the brown soil zone to 4170 kg ha-1 in the black soil zone for

Dufferin, a commonly grown oilseed flax variety.

- Lentils are becoming popular in the brown and black soil zones of western Canada

as a means of diversifying cropping systems. Two types of lentils are grown (Anonymous
1987). Large seeded varieties have produced 3452 kg ha-1 and small seeded varieties

2417 kg ha-1 of straw (Erskine and Witcombe 1984). Straw yields are variable but are

positively related to grain yield because of the indeterminate growth habit of lentils.

Reproductive nodes, hence grain yields, are proportional to the vegetative frame or straw

yield (Erskine 1983).

2.2 Nutritive Value of Crop Residues

2.2.1 Chemical Composition

While crop residues are among the most abundant potential roughage sources to the

ruminant, due to physiological maturity they are low in nutritional value. Cell walls and

lignin account for 60-80 % of the plant dry matter, except for hulls and sawdust in which

the proportion is much higher (Jackson 1977; Owen 1976). Crop residues are also

characteristically low in crude protein (CP) (Table 2.2) and vitamin A. Due to these

chemical characteristics, diets containing large proportions of straw are low in potential
digestibility and level of intake.

Potential digestibility is limited primarily by the degree of lignification. Mowat et

al. (1969) showed that increased lignification had the greatest correlation with decreasing in
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Table 2.2 Nutritive value of selected crop residues.

Chemical ComJ2Qsition Dig�§1il!ili� Intake
(%DM) (%DM) (g kg-·75)

CropResidue NDF ADF ADL CP ASH NOMD IVVOMD Reference

MQn�Q1l!ledonQu::i stm�s :

Thinstemmed straws:

Wheatstraw 80 44-49 10 3 8 37-53 40-62 42-63 12,19,14,7,5
(Triticum sativum L.)
Barleystraw 81 45-51 7 4 10 40-53 40-62 38-66 12,19,10,7,5
(Hordeum vulgare L.)
Oatstraw 73 52 11 6 - 46 56-60 49-61 15,19,9,7,4
(Avenasativa)
Ryestraw 75 48-50 14 4 - 40 - - 14,17
(Secalecereole L.)
Triticalestraw - 58 - 3 6 37 - - 14
(Triticosecale (Witbnark»
Foragemillet - 32 - 10 7 60 - - 14
(Peniseum americanum L.)

Thickstemmed strawS:

Sunflower - 26 - 6 12 26 - - 14
(Helianthus annus L.)

M<>nocotyledonous chaff:

Wheatchaff 71 38 4 6 9 45 - - 14,16,2,8Oathulls 62 31 6 7
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Table 2.2 Nutritive value of selected crop residues (cont'd).

CropResidue NDF

Chemical Comoosition

ADEI

Intake

(g kg-·75)(%DM) (%DM)
ADL CP ReferenceASH IVO?\ID IVVOMD

Dicotyledonous straw:
.

68-79Rapeseed straw

(Brassica napus L.)
Fababean
(Viciafaha L.)
Fieldpeas
(Pisumsanvum L.)
Alfalfastraw

(Medicago sativa)

42-50

69

52-64

44

32

49

9-12 4-9

10

8

4-6

13

6

23-28

61

42-50

1,3,14

8

11

10,14

13

�:

Aspen 67 55-58 21 3 2 24 - - 14,6
(Populus tremuloides Michx.)
Sawdust 92-98 64-69 21-32 - -

- - 13
1.Alexander et al. 1987. 11. Jackson 1977.
2.Anderson 1978. 12. Jewell and Campling 1986.
3.Coombe el al. 1985. 13. Johnson and Pezo 1975.
4.Coxwonh et al. 1981b. 14. Kernan et al. 1981.
5.Femandez-Carmona and Greenhalgh 1972. 15. Kjos et al. 1986.
6.Gharibet all 1975. 16. Knipfel et al. 1983.
7.Hortonand Steacy 1979. 17. Pidgen and Heaney 1969.
8.Hsuetal. 1987. 18. Saxena et al. 1971.
9.Ibbotson et al. 1984. 19 ..WilIiams 1984.
10.Ibrahim and Pearce 1983.
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vitro dry matter digestibility (lVDMD) with maturity in grasses, legumes and Russian

comfrey. Increased lignin content was associated with a reduction in the extent of

degradation in rapeseed (Brassica napus L.) straw over 48 h in vitro digestion even

though all varieties were poorly digested (<35%) (Alexander et al. 1987).

It is believed that lignin acts as a physical barrier between microbial cellulases and

cell wall polysaccharides by encasing the polysaccharides in an indigestible matrix. As

digestibility decreases with increasing maturity, the effect of lignin can be partially limited

by reducing particle size, indicating that the lignin barrier to cellulose and hemicellulose

becomes more complete as the plant matures (Dehority and Johnson 1962).

In additien, increased lignification which inhibits attachment of fibrolytic colonies

leads to an increased lag time before initiation of digestion in the rumen (0rskov and Grubb

1978). Close association between fibrolytic bacteria and fiber appears to be essential to the

digestion of forage in the rumen (Cheng et al. 1987). The fibrolytic bacteria do not release

cellulases into the media but rather directly into the cell wall (Bacon et al. 1981). Electron

microscopy indicates that there are cleanly cut faces to the cavities of cell wall pits
suggesting that cell wall components are solubilized simultaneously at the interface of

bacterium and straw.

Richards (1976) has suggested that the lignin fraction could limit the digestion of

the polysaccharides by inhibiting the attachment of rumen microorganisms to the cell walls.

Rate of attachment determines the lag time before degradation of the cell wall

polysaccharides is initiated. This period can be very long in highly lignified cell walls.

Microscopic studies have shown only low numbers of cellulolytic organisms are able to

adhere to highly lignified cell surfaces (Akin et al. 1974; Akin 1979). Bacteria attach to

lignified cell walls only at cut or broken edges (Kerley et al. 1985). Therefore extensive

mastication of highly lignified crop residues is essential to present chewed and broken

surfaces to the rumen bacteria (Latham et al. 1969). It has also been suggested that, though
physical contact between microbe and cell wall occurs, the nature of the lignin
hemicellulose matrix inhibits enzyme attack on the polysaccharides (Cowling and Brown

1969; Hartley 1981). An excellent review of microbial degradation in highly lignified crop

residues was written by Chesson and 0rskov (1984).

Therefore, factors that increase lignin concentration,such as physiological maturity
(Dehority and Johnson 1962; Brice and Morrison 1982; Mowat 1969), environmental
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factors (van Soest 1973) and forage type (Jung and Vogel 1986; Anum and Nordkvist

1983; Tomlin et al. 1964) result in decreases in the rate and extent of forage degradation.
There is a basic difference between legumes and grasses with regard to the amount of

cellulose which could be digested per given amount of lignin in the plant and in the

increase in cellulose and hemicellulose available for digestion when particle size is reduced

(Dehority and Johnson 1962).

Regarding macromineral composition, crop residues are generally low in

phosphorous, low to moderate in calcium and magnesium, high in potassium and low in

sodium. Zinc deficiency may occur in some straws depending on local conditions. These

levels, though low and/or unbalanced, may be sufficient for maintenance (Streeter and

Horn 1980).

Since variation is great in chemical composition of straws, individual conditions

need to be considered. Sorghum and cotton-gin trash have been reported to contain high
levels of phosphorous, soybean stover and other annual legumes contain higher levels of

calcium and magnesium than other straws (Streeter and Horn 1980; Anderson 1978).
Mathison et al. (1981) reported magnesium deficiencies in cows fed 94 % wheat straw

diets. The magnesium deficiency was exacerbated by high potassium levels. Zinc levels

were adequate but the animals responded to vitamin FJselenium supplementation.

The chemical composition and digestibility of lignocellulosic material adversely
affect the availability of energy to the rumen microbial population and thus the animal.

Birkelo et al.. (1987) showed that only 55.2 % of the gross energy (OE) of wheat straw

was digestible. The OE of wheat straw was 4.35 Mcal kg-I while the metabolizable energy

(ME) and net energy for maintenance (NEro) of wheat straw when fed with protein
supplements was 1.88 Mcal kg-l and 1.13 Meal kg-l respectively. Sundstel (1982)

reported:ME in barley straw to be 1.99 Mcal kg-I. Anderson (1978) reported that the net

energy for gain (NEg) of barley straw is 0.49 Meal kg-I. Streeter and Horn (1980) gave

representative values for NEm and NEg (Meal kg-I) of 1.01 and 0.48 for barley straw,

1.11 and 0.35 for oat straw and 1.03 and 0.19 for wheat straw respectively.
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2.2.2 Digestibility and Voluntary Intake

Nutritional deficiencies of N and minerals and high levels of poorly degradable cell

wall affect the intake of digestible nutrients.. Voluntary feed intake (VFI) decreases when

neutral detergent fiber (NDF) exceeds 50% DM (van Soest 1983). At this point, the

physical capacity of the rumen is exceeded and physical effects on the gut rather than

chemical effects limit intake (0rskov 1987). Ruminal fill causes physical signals such as

rate and strength of contractions and stretch to limit intake by the ruminant (Baile and

McLaughlin 1987).

In crop residues with low potential degradation, the rate of degradation or particle
size reduction is the determining factor in regulation of voluntary intake (0rskov et al ..

1983). A low rate of degradation or particle breakdown limits ruminal emptying and in

turn limits voluntary intake (Greenhalgh 1980). In contrast, increased rate of particle
breakdown has been shown to lead to increased rate of passage (Dehority et ale . 1962;
Balch 1965) and in turn to increased voluntary feed intake. Dehority and Johnson (1961)

reported that VFI increased 26% for chopped straw due to decreased particle size and rate

of passage. Troelsen et al.. (1970) showed that physical breakdown (rate of particle
breakdown and particle size) could explain the variability in the relationship between intake

and dry matter digestibility (DMD) in both legumes and grasses. While increased rate of

passage decreases DMD, the increased VFI creates a net increase in the intake of digestible
energy.

As straw is high in mechanical strength and low in degradability, reduction of

particle size to that removable from the rumen requires a great deal of mastication and

rumination. Aman and Nordkvist (1983) reported that, in straw, the more lignified
fractions (internodes) were degraded at a slower rate than the less lignified (leat). In

addition to physical limitations, low fermentability and low nutrient content lead to less

than optimal conditions for microbial fermentation. Because rumen fermentation is

suboptimal, reduction of particle size, leading to a slow rate of passage and voluntary
intake are inhibited.
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2.2.3 Animal Production with Untreated Crop Residues

When ruminants are fed diets consisting only of straw, intake of digestible energy

is inadequate for maintenance of mature gestating ruminants. Physical, chemical and

nutritional factors limit intake of digestible energy to approximately 100 kcal kg-l d-l

(Owen 1976; Streeter and Horn 1980). In a trial where cows were fed 94 % untreated

barley straw for 83 days, eight cows died due to conditions related to abomasal impaction.
The cows consumed only 47 MJ DE daily, only 70 % of NRC requirements (Mathison et

al. 1981).

Straw can, however, make up 25-50 % of the diet of dry, pregnant beef cows.

Mathison et al. (1981) showed that cows that had previously suffered severe energy

deficiency when fed a complete straw ration containing 5.2 % CP increased intake 17 %

and gained weight when the diet was supplemented to contain 6.2% CPo Feed intake could

also be enhanced on the low protein diet with addition of supplemental Mg. Both forms of

supplementation led to improved rumen conditions and enhanced digestibility of straw.

2.2.4 Variability in Nutritive Value

2.2.4.1 Variability in Species and Variety

The variability in the nutritive value of crop residues is great and is influenced by
many factors such as variety, agronomic practice and geographical location. Oat straw is

usually considered to have the greatest nutritive value of the cereal straws followed by
barley, rye, wheat, and Triticale (Eriksson 1981; Anderson 1978). In trials taking large
numbers of samples oat straw values for CP, digestible organic matter (DOM) and crude

fiber (CF) were 3.8%, 39.8% and 41.9% respectively. Barley had values of 4.9%,37.7%
and 41.9% respectively and wheat had values of 3.6%, 36.7% and 43.2% respectively.
Dry matter loss in barley and wheat ranged from 38.5 to 60.7% and from 34.1 to 40.2 %

respectively (Kernan et al. 1979; Tuah et al. 1986). Degradability by sheep and cows was

similar. White et al. (1979) found the IVD:MD of oat straw ranged from 42-51 % while

spring wheat ranged from 33% for standard height genotypes to 44% for semidwarf

genotypes. Winter wheat ranged from 39-45%. In some cases, differences between

species may be small due to the high variability in the nutritive value. In 250 samples of
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oats, barley, rye and wheat straws, in vivo organic matter digestibility (lVVOMD) ranged
from 28-50% and:ME content from 3.9 to 8.3 MJ kg -1, and variability within cultivar was

up to 18% (Eriksson 1981).

2.2.4.2 Physical and Chemical Reasons for Variability

Differences in the nutritional value of different cultivars of straw has been attributed

to variation in the distribution and digestibility of botanical fractions (Kernan et al. 1984;
Ramanzin et al. 1986). The stem composes 30 to 70% of the plant and is also the most

highly lignified portion and lowest in potential digestibility (Thiago and Kellaway 1982).

Other botanical fractions have greater degradability than stem. The pattern of

degradability within cultivars has been shown to be greatest for the leaf and chaff fractions,
intermediate for the node fraction and lowest for the internode fraction (Kernan et at.

1979). As leaves are higher in nutritive value than stems, a large portion of the variability
in nutritive value can be accounted for by an increased leaf:stem ratio or differences in

extent of lignification (Tuah et al. 1986). Pitic-62, a Mexican semidwarf cultivar, is

significantly greater in nutritive value than other wheat cultivars due to lower amounts of

stem and higher proportions of leaf, chaff and leaf:grain.

Kernan et al. (1979) observed differences in degradability within botanical fraction

between cultivars. There were significant differences in CP, fiber and DM yield among

cultivars. Differences were partially related to relative lignin contents and by distribution of

lignified cells in tissue (i.e. vascular bundles were more highly lignified and found in

greatest amounts in stems). However, ranking of nutritive value remained the same.

Within botanical fractions, digestibility of cellulose and hemicellulose was similar

but was substantially different between botanical fractions. Differences between fractions

causes differences between digestibility of cellulose and hemicellulose on a whole plant
basis determined primarily by relative contribution of component botanical fractions

(Ramanzin et al. 1986) rather than actual differences. This is substantiated by Demeyer
(1981) who demonstrated that digestion of cell walls by fibrolytic microorganisms formed

pits with sharply cleaved sides indicating cellulose and hemicellulose being digested at the

same time and rate.
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2.2.4.3 Environmental Effects

There is considerable variation in digestibility both within and among crop residues.

Within species variability depends on cultivar, agronomic practices and year and location

effects on growth. It appears that the quality of straw (Tuah et al. 1986; White and

Bergman 1985) and chaff (White et al. 1986) are not related to grain yield and quality.

Agronomic practices that affect straw quality are fertilization and weathering
between swathing and removal of straw from the field. Fertilizer N increased IVDMD and

CP content of grain, chaff, leaf and stem. Kernan et al. (1984) found these differences to

be quite small and variable from year to year, dependent mostly on soil moisture. There

were small effects on plant height and proportion of leaf, increases in IVDMD and

decreases in acid detergent fiber (ADF) of leaf and stem. There were no cultivar x

fertilization interactions indicating ranking of cultivars was the same across treatments

(Coxworth et al. 1981a). However other researchers found differences of 5.0-7.4 % units

in chaff and straw (Eriksson 1981; de la Uata and Swift 1979). Fertilization from 0-240

kg N ha-1 increased CP from 3.5% to 5.8% DM (Eriksson 1981).

Weathering causes extensive damage to straw quality due to leaching of soluble

components (Kjos et al. 1986). In a survey of the effects of harvest conditions on nutritive

value, Tuah et al. (1986) found poor conditions at harvest to be more detrimental to oats

than barley. Differences in effects on nutritive value were attributable to leaching of greater
amounts of cell solubles present in oats compared to straw. Eriksson (1981) found that up

to 28% within cultivar variability of rumen degradable OMD was attributable to

weathering.

Eriksson (1981) attributed variability of 4 to 7.5 percentage units to year and 5

percentage units to site characters such as latitude and soil type. Kernan (1984) found large
differences in CP, IVDOM and CF in different environments though the overall pattern in

cultivars remained the same. Despite varied environmental conditions from year to year,

CP rankings chaff were greater than leaf which was greater than stem.
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2.2.4.4 Variation between Monocotyledon and Dicotyledon
Straw

In a survey of crops that may increase in importance in Saskatchewan, Coxworth et

ale (1981b) showed that crop residues of faba beans and sunflowers had digestibilities
higher than barley straw and comparable to bullrush millet and Jerusalem artichoke. Field

pea crop residue appeared to be as digestible as barley straw and somewhat higher in CPo

In sheep digestibility trials using faba bean crop residue, intake and digestibility were

similar to hay but digestible CP was lower in faba bean residue (3 %) than hay (7 %). The

general relationships were that dicotyledonous straws and thick stemmed

monocotyledonous straws were higher in digestibility and CP than thin stemmed

monocotyledonous straws despite similar quantities of lignin.

Differences in chemical composition which result in significant differences in

reaction to chemical treatment exist between the Gramineae and Leguminoseae (and other

dicotyledonous) families. Legumes contain more cellulose (51-68%) than grasses (34-
51 %) (van Soest 1974). Dicotyledon cells are also much richer in pectin, the intercellular

cementing carbohydrate (Orpin 1981). Finally, legume straws are higher in CP; 5.3-11 %

vs 1-5% for cereal residues (Jackson 1977).

The composition of hemicellulose and the pattern of lignin-carbohydrate bonds vary

greatly between grasses and legumes (Chesson et ale 1983). These bonds are the basis for

chemical quality improvement in crop residues. Increasing lignin content as the plant
matures exerts an ever decreasing effect on digestibility. However this pattern is distinctly
different between monocotyledonous and dicotyledonous plants (Jung and Vogel 1986).
Legumes and other dicotyledonous plants are more highly lignified, but the digestion
coefficient is not as low as would be expected by this level of lignin in alfalfa (Jung and

Vogel 1986) and Russian comfrey (Mowat et al. 1969). Digestibilities may be different

due to differences in the nature of the association between plant lignin and structural

polysaccharides.

2.3 Improving Feed Value of Crop Residues

Improvement of lignocellulosic waste resolves itself into three problems. First, the

breaking down of cell wall material into particle sizes which facilitate bacterial attack and

allow feed to move through the alimentary tract efficiently. Second, improving the
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availability of energy in the lignocellulosic fraction; and thirdly, providing adequate
nutrients for the rumen microflora to utilize available energy (Pidgen and Heaney 1969).

2.4 Cell Wall Chemistry of Crop Residues

Chemical treatment improves the availability of energy from crop residues due to

alterations in chemical bonds in straw. In order to understand how chemicals improve the

content of digestible energy and the potential to which they can do this, a further

understanding of cell wall chemistry and physical makeup is necessary.

2.4.1 Cellulose

Cellulose is the most overall abundant polysaccharide in plant material making up
30-60% of DM in crop residues. Representative values of cellulose content are shown in

Table 2.2 as (ADF-ADL); ( ADL is acid detergent lignin.). Legumes contain more

cellulose (51-68%) than grasses (temperate species 41-41 %; tropical species 34-51 %) (van
Soest 1974). As plants mature, the cell walls thicken and lignify. Thickening of the

secondary cell wall consists primarily of deposition of cellulose and hemicellulose.

Cellulose is the major store of energy in crop residues.

Chemically, cellulose is a large polymer of .6-1,4-glucopyranosyl units up to

10,000 units long (Theander and Aman 1984; Albersheim 1975). This linkage can be

hydrolyzed only by microbial cellulases in ruminants. This factor makes ruminants

essential in converting unavailable cellulosic compound into high quality meat protein.

The complex physical makeup of cellulose is determined by hydrogen bonding. It

determines the mechanical strength of the cell wall and its resistance to biological
degradation (Theander and Aman 1984). Hydrogen bonds bind the glucan chains into

microfibrils of about 40 chains each (Albersheim 1975). Some glucan chains are packed so

tightly they take on crystalline characteristics with amorphous regions between the

crystalline zones. The degree of crystallinity depends on the source of material and can be

as high as 82% in cotton fibers and as low as 32% in pine-tree pulp (Orpin 1984). When

all other factors are removed, crystallinity will determine the rate of digestion but will not

hamper the extent of digestion (Bacon et a1. 1981). Forage celluloses seem to be
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amorphous rather than crystalline (Jackson 1977) therefore the nature of the matrix in

which cellulose is embedded in the cell wall is of greater importance to degradability than

the chemistry and physical makeup of cellulose itself.

The availability of cellulose is then a determining factor in the nutritive value of crop

residues as forage. Availability of cellulose in forages varies from 25% to 90% (Pidgen
and Heaney 1969). Its availability is subject to the characteristics of the hemicellulose

lignin matrix in which it is embedded (Theander and Aman 1984; van Soest 1981).

2.4.2 Hemicellulose

The matrix in which cellulose is embedded contains hemicellulose. lignin,
polypeptides, silica and secondary refractory substances (Bacon et al. 1981). The primary
constituent of the matrix is hemicellulose which constitutes 10-30% of the forage DM.

Representative values for hemicellulose content of selected crop residues are presented in

Table 2.2. as (NDF-ADF). The abundance of hemicellulose in secondary lignified cells

often approaches, but never exceeds. that of cellulose (Brice and Monison 1982).

The chemistry of hemicellulose is much more complex than that of cellulose. There

are a large number of monosaccharides whose proportions vary between botanical fraction

(Aman and Nordkvist 1983). physiological age (Brice and Morrison 1982) and plant
families (Albersheim 1975).

Hemicellulose is a mixture of heteropolysaccharides made up of two or more kinds

of sugar units connected by one of approximately two dozen glycosidic linkages (Wilkie
1979; Albersheim 1975). The hemicelluloses are composed of sequences of 8 to 12 units

which repeat themselves to form polymers of 50-200 residues (Albersheim 1975; Theander

and AIDan 1984).

Xylan is usually the main hemicellulose of forages (Table 2.3) (Pidgen and Heaney
1969). The hemicelluloses of monocotyledonous plants can be broadly classified as xylans
with arabinofuranosyl, galacturonic acid and glucuronic acid as sidechains (Theander and

Aman 1984, Wilkie 1979). Xyloglucans (Alexander et al. 1987; Orpin 1984), glucans
(Alexander et al. 1987). glucomannans (van Soest 1983). galactoxylans, arabinogalactans
and lor rhamnogalacturons (Albersheim 1975) have been identified in dicotyledonous
plants.
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Albersheim (1975) described a model for the physical makeup of cellulose and

hemicellulose in the primary cell walls of the sycamore, a dicotyledonous plant. Multiple
hydrogen bonds cause xyloglucans to adhere strongly to cellulose and coat it in a single
layer of hemicellulose. Arabinogalactan is believed to extend radially from each coated

cellulose microfibril. The arabinogalactan sidechains of different hemicellulose polymers
are linked together through an intermediate rhamnogalactan dis saccharide or are substituted

with acetyl groups, phenolic acids and/or lignin. Thus the same and adjacent cellulose

fibers are crosslinked and embedded in the hemicellulosic matrix.

The overall architecture of hemicellulose is expected to be similar between

dicotyledonous and monocotyledonous plants despite differences in the proportions of

monosaccharides. Arabinoxylan and glucuronoarabinoxylan appears to crosslink and

embed cellulose in the matrix in monocotyledonous plants rather than arabinogalactans as in

dicotyledonous plants (Orpin 1984).

Table 2.3 Monosaccharides of wheat, barley, rapeseed and sycamore hemicellulose

(% by weight),

non-

xyl- arab- galac- uronic cellulose rbam- fruct- mann-

Crw residue ose inose tose acid &lucose ose ose ose Reference

wheat 80.0 11.6 0.6 4.8 3.1 4

barley 70.6 11.5 4.8 12.3 0.3 0.3 3

rapeseed 16.5 0.7 1.8 7.5 11.5 0.5 0.5 trace 2

sycamore 10.2 28.2 14.5 13.2 4.2 4.0 4.0 trace 1

1. Albersheim 1975.

2. Alexander et al. 1987.

3. Graham et al. 1985.

4. Scalbert et al, 1985.
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The availability of hemicellulose is dependent on the amount of branching and on

the number and nature of substituents attached to those branches. The extent of branching
and hemicellulosic substitution varies with plant fraction and physiological maturity. Aman
and Nordkvist (1983) demonstrated parallel in vitro degradation of cellulose and xylose
within botanical fractions but not between fractions showing that the structural

polysaccharides in some tissues are susceptible to degradation but not in others despite
very similar sugar makeup. Factors like the number and kind of cell wall non-carbohydrate
constituents which include structural protein (Theander and Aman 1979), lignin (Hartley
and Jones 1978), acetic acid (Bacon et al. 1975), silica (van Soest and Jones 1968) and the

way in which cell wall constituents are linked to or encrusted on each other may be of

importance.

Brice and Morrison (1982) showed that the xylose:arabinose ratio increased from

3.8 to 8.0 during maturation of ryegrass. The increase in the ratio was the result of a

decreasing number of arabinose side-chains. Selective removal of 50% of the

arabinoxylans increased degradability of wheat straw hemicellulose 90 to 115% and

increased digestibility to 70% at 48 h in situ .

However, the degree of branching appears to be secondary in importance to the

number and nature of the substituents of the sidechains or to direct linkages between lignin
and carbohydrate. While decreased arabinose concentrations increased degradability, the

effect was eliminated when lignin content was greater than 2% DM (Brice and Morrison

1982). Presumably at this point the degree of lignification became predominant in limiting
digestibility.

The degree of branching of hemicellulose varies between monocotyledonous and

dicotyledonous plants. Cereal straws have a much higher level of arabinose than rapeseed
straw (Table 2.3) indicating a much greater degree of branching. This is substantiated by
Alexander et al. (1987) who demonstrated very limited amounts of branching in rapeseed
hemicellulose. If substituents of arabinose branching, especially lignin, are important to

the degradation of cell walls as suggested earlier, there is evidence of differences in the

nature and pattern of lignification between monocotyledonous and dicotyledonous plants.
This may explain the differences in effect of lignification on digestibility between grasses

and broadleafplants demonstrated by Mowat (1969) and more recently by Jung and Vogel
(1986).
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2.4.3 Phenolic Material.

Hemicellulose in secondary cell walls is involved in covalent complexes, primarily
with phenolic material, which limits digestibility. The content of both hemicellulose and

lignin increases with increasing maturity but the increase in lignin is disproportionate to that

of hemicellulose. Young leafy ryegrass contains 15.8% DM of hemicellulose and 2.7%

DM oflignin increasing to 25.7% and 7.3% by seed set. Lignin increases further to greater

than 10%, at maturity (Brice and Morrison 1982). Increases in lignification are associated

with decreases in digestibility. Van Soest (1973) showed that one unit of lignin would

limit the digestibility of four times its weight in polysaccharide, demonstrating the

disproportionate importance of level of lignin.

Isolated lignin has no effect on digestibility of crop residues (Dehority and Johnson

1962). Lignin affects digestibility both by encrustation of the cell wall polysaccharides and

by tight carbohydrate-lignin bonding. These mechanisms create a physical barrier

preventing attachment of fibrolytic bacteria and thus their endogenous enzymes. Cell wall

polysaccharides are almost completely digestible when 50-60% of the phenolic material

initially present is removed (Alexander et ala 1987)

The greatest bulk of phenolic material in plant cell walls is made up of the lignin
'core'. The lignin core arises from three primary precursors: trans-coniferyl alcohol, trans

synapyl alcohol and trans-p-coumaryl alcohol. These are the alcohols of trans-ferulic,

trans-sinapic and trans-p-coumaric acids and exist in the lignin core as guaiacyl, syringyl
and p-hydroxyphenol units respectively.

These phenylpropane units vary only in number and position of the methoxyl units

on the aromatic ring (Sarkanin and Ludwig 1971). Trans-coniferyl alcohol has one
I

methoxyl group in the 3 position, trans-synapyl alcohol has two methoxyl groups in the

3,5 positions and trans-p-coumaryl alcohol has no methoxyl groups on the aromatic ring.

The proportion of primary precursors in the lignin core varies between and within

plants. Angiosperms contain lignin primarily of the guiacyl-syringyl type that is

containing nitrobenzene oxidation aldehydes of trans-coumaryl and trans-synapyl alcohols.

The exception to this is the monocotyledonous plants of the Graminaceae family. The
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lignin of these plants contains significant amounts of trans-p-coumaryl alcohol. Part of the

trans-p-coumaryl alcohol may originate as free phenolic acid but a significant amount

comes from the core itself (Sarkanin and Ludwig 1971). Karpunin (1978) determined the

phenolic monomers of two varieties of flax straw. The major nitrobenzene oxidation

products were derived from trans-coniferyl alcohol (37.2-67.4 g kg-I of lignin), trans-p -

coumaryl alcohol (10.3-14.7 g kg-I oflignin) and trans-synapyl alcohol (0.2-0.7 g kg-I of

lignin).

The lignin core is a complex three-dimensional polymer which, by virtue of its

chemical structure, provides mechanical strength and resistance to microbial degradation in

plant cell walls (van Soest 1983; Sarkanin and Ludwig 1971).
=

The monomers are linked by bonds of exceptional stability. Coniferyl, synapyl and

p-coumaryl alcohols undergo oxidation by randomized dehydropolymerization reactions via

peroxidase and laccase enzymes (Hartley 1981). There are carbon to carbon bonds of both

the biphenyl and aryl-alkyl types as well as ether bonds. These bonds are extremely
resistant to hydrolysis (Sarkanin and Ludwig 1971).

Free phenolic acids are the second main type of phenolic compounds present in cell

walls. Free phenolic acids are present in grasses but not in legumes. The important types
of phenolic acids present are trans-ferulic acid (FA), trans-sinapic acid (SA), trans-p
coumaric acid (PCA) and some of their cis-isomers. These phenolic acids are significant in

the pattern of lignification in grasses. Their absence in legumes therefore, may in part

explain differences in pattern of lignification and bonding in the lignin-hemicellulosic
matrix between the two types of plants. Total content of PCA and FA in Lolium

multiflorum ranged from 5 to 16.8 mg g-I, the FA contents varied from 2.8 to 8.9 mg g-I
of cell wall (Scalbert et ale 1985). In Trifolium pratense, the water soluble phenolic

compounds were less than 0.8 mg g-I (Scalbert et ale 1985). In rapeseed straw, lignin was

the only phenolic compound present in anything other than trace amounts (Alexander et ale

1987).

Because of their similarity to the precursors of lignin, it seems likely that the

phenolic acids present in grasses are lignin precursors and so are of considerable

importance in determining the digestibility of grass forage plant by ruminants (Hartley and

Jones 1977). Therefore the types of bonds involving phenolic acids and the lignin core are
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significant in terms of the effectiveness of any chemical used to improve the digestibility of

crop residues.

Phenolic acids are bifunctional. They are capable of forming ester or ether linkages
by reaction of their carboxyl group or phenolic group respectively. Phenolic acids have

been shown to be esterified to hemicellulose alone or lignin alone via their carboxyl group.

Higuchi and Kawamura (1967) established the presence of ester linkages between peA

and FA and the main lignin core of grasses. Ester linked peA is probably exclusively
associated with the main lignin core of grasses while FA is mainly esterified with

hemicelluloses. Scalbert et al. (1985) showed that 93% of peA associated with lignin was

ester-linked to lignin and could be liberated by alkali. As little as 5% of FA is ester-linked

to the lignin core and little FA liberated by alkali treatment of lignin preparations.

Harris and Hartley (1976; 1980) reported that peA and FA are bound to unlignified
as well as lignifed cell walls in grasses. FA is esterified to the polysaccharides of both the

mesophyU and cell wall fractions, but large amounts of peA are present in the latter

fraction.

Water soluble carbohydrate esters of phenolic acids have been shown to be released

by cellulase (Hartley and Jones 1977). These hemicellulose-phenolic acid linkages appear

as soluble complexes in the rumen (Gaillard and Richards 1975). Nielson and Richard

(1978) have estimated that at least one-half of the lignin may become soluble in the rumen

although the complexes are later precipitated in the lower digestive tract and may appear as

insoluble complexes in the feces.

Phenolic acids liberated in the rumen may be toxic to their environment In in vitro

experiments, Akin (1982) showed that low levels of PCA could delay cellulolysis threefold

due to reduced growth rate of the cellulolytic bacteria. FA had a lesser effect and SA had

little effect at 0.1 % concentration. In the rumen however, it appears that the mixed

microbial population can protect the major cellulolytic microbes by modifying free phenolic
acids through hydrogenation of the 2-propenoic sidechain. These compounds are of lesser

toxicity and may be absorbed to microbial surfaces or absorbed and used by the microbes

as carbon and energy sources.

Phenolic acids may combine with lignin or hemicellulose via ether linkages. Ether

bonds occur between peA and FA and lignin via their phenolic group (Nimz et al. 1981).
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Presence of ether linkages was indicated by the presence of phenolic acids with free

carboxyl groups in com stalk lignin. Scalbert et al. (1985) showed that 93% of the peA

and 5% of the FA linked to the lignin core were ester linked. Therefore 7% of the PCA and

95% of the FA bonded to the lignin core are present as ether linkages.

Small numbers of covalent bonds may exist between phenolic acids and lignin.
Radioactive carbon NMR spectroscopy showed that FA was ether linked to the lignin core

at the 1, 3 and 6 carbons. Extreme resistance to cleavage by both alkali and acid indicated

that FA may be carbon to carbon bond lignin (Scalbert et al. 1985).

Phenolic acids, free or esterified to structural polysaccharides, show an initial

increase but start to decline when lignification commences (Morrison 1979). peA appears

to have a greater effect on lignification in grasses than does FA. As the secondary cell wall

thickens during maturation and the proportion of primary cell wall decreases, the effect of

peA becomes predominant. In addition FA is mostly associated with hemicellulose in

mesophyll cells and in 'non-mesophyll' cells while peA is mostly associated with lignin.
There is a significant relationship between the decreasing FA : peA ratio and lignification
in maturing plants (Burritt et al. 1982).

Because of their ability to form ester and ether linkages at the same time, phenolic
acids may participate in lignification by forming crosslinks between hemicellulose and the

lignin core. FA esterified to hemicellulose in young primary cell walls would establish

crosslinks with lignin. In this way it might restrict growth and contribute to the rigidity of

the cell wall by a mechanism similar to the peroxidase mediated dimerisation of FA. From

a physiological standpoint the FA ethers might form during lignification by
dehydropolymerisation as occurs in the lignin core. Diferulic acid in cell walls may be

formed when two FA units attached to polysaccharides dimerize, creating a crosslink

between the two polysaccharides (Hartley 1981). Incorporation of phenolic acids into the

lignin core may explain why their release by cellulase is in the greatest concentration in the

most degradable leaf fraction of the plant and in the lowest concentration in the least

degradable stem fraction (Hartley and Jones 1977). In addition, due to the similarity
between phenolic acids and lignin precursors, the way in which phenolic acids link with

hemicellulose may be a model for any direct lignin-carbohydrate linkages present.

The presence of such alkali labile crosslinks might explain the high solubility of

cereal straw lignin treated with alkalis currently in use and the increase in biodegradability
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of these straws. Such an effect might originate from alkali cleavage of the FA or PCA

crosslink between lignin and hemicellulose.

2.S The Lignin-Hemicellulose Matrix

The nature of the hemicellulose matrix determines the degradability of

lignocellulosic wastes. Cellulose is not directly linked to any of the constituents of the

matrix except hemicellulose. Therefore, factors that affect the degradability of

hemicellulose also affect the degradability of cellulose. The nature of the complex which is

formed is not clear but both a physical encrustation, preventing enzyme access to the

substrate, and covalent linkages formed between phenolic acids and carbohydrate residues

inhibiting complete degradation, are thought to be important.

The number and chemical nature of the linkages between hemicellulose and its

substituents will indicate their susceptibility to the various chemical improvement
techniques available. For that reason, the discussion has been divided into bonds which

are alkali labile and those which are not

2.S.1 Alkali Labile Linkages

The initial response of low quality forages to alkali treatment such as NaOH or

ammonia is likely to be the cleavage of alkali labile linkages in the lignin-hemicellulose
matrix. These linkages exist between hemicellulose and acetyl groups, some minerals,

phenolic acids and within and between hemicellulose and the lignin core.

Increases in the proportion of acetyl groups in the feces of animals fed untreated

straw indicate that acetyl groups are inhibitory to digestion. Between 1 and 2% of cell

walls of Gramineae are composed of acetyl groups (Bacon et al. 1981), Acetyl groups

make up approximately 3% DM of rapeseed straw (Alexander et al. 1987). They are linked

to xylose or uronic acid groups in plant cell walls (Chesson et al. 1983).

Removal of acetyl groups by alkali is complete (Tarkow and Feist 1969; Bacon et

al. 1981). The majority of acetic acid residues are removed at NaOH levels which are

insufficient to change other components. The residual acetyl groups are resistant to alkali

(Chesson 1981).
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Chesson et al. (1983) reported that acetyl groups accounted for 50-70% of the

alkali-labile linkages to xylose. The other 30% of alkali-labile linkages to xylose were

unidentified. In rapeseed straw, almost 100% of the effect of NaOH treatment could be

accounted for by the solubilization of acetyl groups (Alexander et al. 1987). This may be

related to the higher level of xylose residues in dicotyledonous plant hemicellulose.

Chesson et al. (1983) showed that legume straw differed from grass and cereal straw by
having a higher proportion of substituted xylose and a considerably lower proportion of

arabinose substitution. It is another indication of the method by which the pattern of

lignification differs between grasses and broadleaf plants.

Silica that is absorbed and metabolized by forage grasses has been found to be an

important factor in the reduction of digestibility of cell wall constituents. There is an

average three unit decline in digestibility of cell walls per unit of silica in untreated cereal

straws. Silica does not appear to be an important factor in the digestibility of legumes (van
Soest and Jones 1968).

Cations are bound or complexed with carboxyl groups of uronic acids. Elements

present may be P, Ca, S, and K. These cations may also inhibit degradability (Hartley
1981). Alkali appears to solubilize minerals encrusting the hemicellulosic matrix. Ten

grams NaOH 100 g-l straw solubilized 60% of the silica present The silica is converted to

soluble silicate (Chesson 1981).

Phenolic acids may be linked to either monosaccharides or lignin by alkali-labile

ester linkages. Infrared absorbance spectra of untreated hay and its indigestible fiber

showed that the ester bond index was increased by digestion. This suggests that the hay
fraction containing the ester bond is relatively indigestible and is accumulated in undigested
residue during digestion (Buettner et al. 1982).

Cell walls of Gramineae contain 1 to 2% DM of phenolic acids which are released

by treatment with aqueous alkali (Higuchi et al. 1967). Of the phenolic acids associated

with lignin 93% of the PCA and approximately 5% of the FA are ester linked.

Considerably more FA is esterified to the hemicellulose portion than PCA (Hartley 1981).
More FA (52%) than PCA (45%) was removed with ammonia treatment (Hartley and Jones

1978). There is a direct relationship between the release of phenolic acids and

improvements to digestibility (Chesson et al. 1983). Alkali labile bonds between
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hemicellulose and phenolic acids may be more prevalent in monocotyledonous straw than

in dicotyledonous straw (Hartley and Jones 1977. 1978).

Glycosidic bonds in hemicellulose can also be broken by alkali (Wilkie 1979).
Hemicellulose undergoes a 'peeling' reaction in which degradation of the sugar residues at

the reducing end of the polysaccharide chains occur particularly if 1->3 linkages are

present. More than 40% of hemicellulose is solubilized with alkali treatment which cannot

be explained by the presence of phenolic ester groups (Bacon et al. 1981).

There is increasing evidence that concentrations of alkali sufficient to release alkali

labile substituents of arabinoxylans are also sufficient to bring about some degradation of

the lignin macromolecule itself. This partial depolymerisation of lignin may be of greater

importance to the solubilization of lignin with its consequent effect on the biodegradability
of the cell wall than cleavage of other alkali labile linkages within the wall (Chesson et al.

1983). Lignin in rapeseed straw may be more susceptible to this type of degradation than

lignin from cereal straw (Alexander et al. 1987).

-=

In plant cell walls the major effect of alkali treatment would seem to be the

solubilization and release of a substantial fraction of the total phenolics present. About

40% of lignin is solubilzed at NaOH rates which produce maximum increases in

digestibility (Bacon et al. 1981). Lignin loss. however, may not fully reflect the extent of

cleavage. Clearly this process would be aided by cleavage of alkali labile lignin
carbohydrate linkages. Lignin affects a disproportionately large amount of polysaccharide
per unit weight (van Soest 1973). Therefore the direct relationship between the release of

phenolic acids and improvement in digestibility observed following alkali treatment of

cereal straw may thus reflect the cleavage of carbohydrate-lignin bonds (Chesson et al.

1983).

Although considerable uncertainty exists about the nature and extent of bonding
which exists between hemicellulose and polyphenolic material there is evidence in the

Gramineae family that at least a portion of the lignin is linked directly to carbohydrate by
alkali labile linkages. Ester linkages between phenolic acid monomers and hemicellulose

and their susceptibility to alkali may be used as a model proposing how hemicellulose and

the lignin core are linked together.
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Chesson et al. (1983) demonstrated that polyphenolic material was linked to

hemicellulose at the 0-5 position of arabinose. While the proportion of phenolic acids

declined during digestion, the relationship between substituted arabinose and polyphenolic
materials was unaltered. In addition, when lignin was selectively removed, leaving the

alkali labile linkages, the arabinose-polyphenolic linkages were retained as linkages to

degraded phenolic material. The single legume sample in the trial differed from the grass

and straw samples in that there was a considerably lower proportion of substituted

arabinose residues (Chesson et al. 1983). Higher levels of glycosidic linkages characterize

lignin-carbohydrate bonds in dicotyledonous plants (Harkin 1973).

Loss of acetic and phenolic acid esters and partial solubilization of hemicellulose

and silica appear to be associated phenomena not directly related to enhanced digestion, In

addition, the lack of crystalline structure of cellulose in forages (Jackson 1977) precludes
any effect of alkali in terms of swelling at rates normally used for crop residues. The rate

and extent of loss of polyphenolic material and cleavage of direct carbohydrate lignin bonds

appear to be the determining factors. Delignified walls in which alkali labile substituents

are retained are fully degraded in the rumen at a rate which is not further enhanced by
treatment with alkali (Chesson et al. 1983).

In lignified cell wall material treated with alkali, degradation was greater than could

be predicted by solubilization and acetyl groups, phenolic acid, hemicellulose and lignin.
Treatment with alkali was sufficient to render approximately 90% of cell wall

polysaccharides accessible to microbial attack. Of more significance was the effect of the

alkali ion on the association of wall polysaccharides with polyphenolic material. In one

study, treatment of cell walls of barley straw with ammonia degraded only about 8% of the

walls (Hartley and Jones 1978b). The Klason lignin content increased slightly after this

treatment and about 30% of the phenolic acid constituents were removed. The

degradability of these treated walls as determined using cellulase was 43% compared with

22% for untreated walls

2.5.2 Non-alkali Labile Linkages

There are lignin-carbohydrate linkages present in the matrix which are not

susceptible to alkali. The carbohydrate residues of these linkages are typical of

hemicellulose and are so closely bound that they cannot be extracted by ball milling or

cellulase treatment (Scalbert et al. 1985).
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Alkali resistant ether linkages between lignin and polysaccharides set the upper limit

to improvement in digestibility of straws (Chesson 1981). Although such linkages are

capable of holding the greater part of the lignin core to the cell wall polysaccharides, they
would appear to be numerically small in cereal straw since their presence did not impede the

degradation of the bulk of polysaccharides. In contrast, in dicotyledonous plants , whose

digestibility is essentially unaffected by alkali treatment, alkali labile bonds appear to be

absent and alkali resistant bonds, probably benzyl ether, are thought to be the sole lignin
carbohydrate linkage (Hartley 1981). In rapeseed straw, the only alkali labile linkages
were those binding acetyl constituents to xylose and their removal was insufficient to

improve digestibility (Alexander et ale 1987). Lignin carbohydrate bonds in legumes are

mostly glycosidic and are resistant to alkali (Harkin 1973) =

The small amounts of proteins present in cell walls may also be involved in covalent

bonding with the polysaccharides or phenolic constituents of the walls and may decrease

their biodegradability. No evidence is available to support this possibility (Hartley 1981).

The heating of forage material, as occurs during ammoniation, can lead to the

production of artifacts resulting from the reaction of carbohydrates with amino acids or

proteins. These Maillard reactions are very complex and lead to the formation of brown

polymeric substances of high molecular weight. High molecular weight substances can

also be formed by caramelisation reactions involving only carbohydrates. Heating of

carbohydrates under acid conditions leads to the production of furans while under neutral to

slightly acidic conditions, formation of phenolic compounds can also occur. When tannins

are present they can react with proteins and particularly on heating, produce complex
substances. The presence of these various artifacts in feeds is likely to lead to poorer

availability and cause loss of protein which could otherwise be utilized by the animal

(Hartley 1981).

2.5.3 Differences Between Grasses and Broadleaf Plants.

Dicotyledonous straws are more digestible than expected based on their lignin
content While increasing lignin has a decreasing effect as maturity advances, the decrease

in effect is greater in dicotyledonous plants than it is in moncotyledonous plants (Jung and

Voge11986).
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In addition, alkali-labile linkages between lignin and hemicellulose appear to be

lower in dicotyledonous plants whose digestibility is affected to a lesser extent or not at all

by alkali (Hartley 1981). In rapeseed straw, acetyl groups represented the only alkali labile

substituents in the lignin-hemicellulose matrix. In contrast, alkali resistant linkages are

apparently numerically small in cereal straw since their presence does not impede the

degradation of the bulk of polysaccharides.

This relationship is predictable from the characteristics of the lignin-hemicellulose
matrix of these plants. The content of hemicellulose in these plants is lower than in

monocotyledonous plants, decreasing the number of possible linkages. The xylose
residues appear to be highly substituted but with acetyl groups whose removal by alkali has

relatively little effect on digestibility (Chesson et al. 1983; Alexander et al. 1987).
Linkages to arabinose by lignin appear to be the most important linkages limiting
digestibility. There are fewer arabinose units in dicotyledonous plants and they are

substituted to a lesser extent (Chesson et al. 1983). In addition, the number of arabinose

residues decrease with physiological age (Brice and Morrison 1982). These characteristics

make improvement of dicotyledonous plant material more likely with treatments which

solubilize lignin itself, such as oxidation and acidolysis. However, the lignin core of

dicotyledonous plants may be more susceptible to alkaline hydrolysis than

monocotyledonous plants (Alexander et al. 1987).



28

2.6 Effect of Alkali Treatment

2.6.1 Sodium Hydroxide

Successful feeding of delignified wood pulp during the second world war indicated

that lignin inhibited digestion of the carbohydrate fraction. It also gave evidence that slight
modifications of the lignin carbohydrate complex could increase digestibility (Tarkow and

Feist 1969). Ghose and King (1963 in Tarkow and Feist 1969) found that in vitro

digestion of jute (3.5% IVDMD, untreated) could be increased to 27% IVDMD (equivalent
to the alfalfa stem used in the trial) by dilute alkali treatment. Although the natural hay and

jute were similar in lignin content they were different in digestibility. Differences could be

eliminated by alkali treatment without changing the lignin content Although the lignin has

an important effect in depressing digestion, the nature of lignin bonding with the

carbohydrate fraction is also an important factor.

-

Alkali acts on lignocellulosic residues to increase digestibility by saponifying ester

linkages to acetyl and phenolic acids, solubilizing hemicellulose and lignin and cleaving
hemicellulose-lignin bonds. The effect of NaOH and other chemical treatments on chemical

composition, digestibility and voluntary intake are illustrated in Table 2.4.

Solubilization of DM is the most observable effect of NaOH on straw. At the

treatment rate at which there are no further improvements in digestibility, 5% of wheat

straw and 13% of barley straw were solubilized Increased rates of application or strength
of alkali increased solubilization but there were no further increases in digestibility
(Chesson 1981; Jackson 1977). At lower concentrations of NaOH the rate of degradation
(7% NaOH) asnd the extent of degradation (3% NaOH) may be reduced (Chesson 1981).

It appears that at 10% NaOH all alkali labile linkages between hemicellulose and

lignin are cleaved, and the remainder of the solubilization is of internal hemicellulosic

linkages. Loss of phenolic material parallels increases in digestibility of cellulose when

straw is treated with levels of NaOH less than 109 100 g-l of straw. At higher rates there

is no added release of phenolic material and no further increases in digestibility. Loss of

40% acid detergent lignin (ADL) or 50-55% of total phenolics appears to represent the

upper limit of phenolic material susceptible to the action of alkali (Graham et al. 1985).
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Table 2.4 Effect of chemical treatments on the nutritional characteristics of crop residues.

Ch�mi�al CQmlKlSiliQD Qig�SlibililX Intak�
(% unit change) (% unit change) (% change)CmllR�sidlJ� M�lbQd tiDE ADE ADL C� IYQMD IYVQMD Rd'erenceAlkalitt�tments: NaOH

Cerealstraw 6%DMNaOH -11 -4 +0.6 0 +18 +11 +34 3,10Legumestraw SJIClyed -7 0 -1 -0.6 +13 -
- 10Rapeseedstraw 24h - - 17 - +2-26 +12 +92 1,3

NHJ.Cerealstraw 3.5%DM NH3(g); -1-8 -3-+5 -1 +3-9 +2-16 +10 + 10-25 2,4,6,7,8,9,12,14Cerealchaff >15% H2O; -5 0 -1 +8 +15 -
- S

Legumestraw > l00csealed;>21d -2 Ii +0.4 +0.2 +7-9 +5 -
- 4,10Rapeseedstraw - - -6 - -10 -
- 1

OxidatiQn �iltments: Alkalin� H2�Cerealstraw l%w/v; -18 +0.5 -0.5 - +35 - - 11Legumestraw 16h;pH tolLS - - - - +18 - - 11Rapeseedstraw withNaOH - - 23-30 - +0-10 -
- 1Cottonstraw - - - - +37 -
- 11

�Cerealstraw S%w/w; -5 -1 +2 +0.6 +S - - 10
Legumestraw 20-7()OC; -7 -3 +0.1 +6 +15 - - 10Rapeseedstraw sealed;2h - - -14-22 - +12-15 -

- 1Cottonstraw - - - -1 - +36
�

Rapeseedstraw gas, sealed - - -37-65 - +10-32 - - 1Cottonstraw -2O%w/w - -
- -2 - +23 - 13

Acid(steam) treatments:
Cerealstraw 80-13OoC; -4 0 0 1Rageseed straw sealed:17h - - -18-22 - -13-+24 - - 11.Alexander et al. 1987. 6. Graham et al. 1985. 11. Lewis et al. 1987.
2.Birkelo et al. 1987. 7. Hartley and Jones 1978. 12. Jewell and Campling 1986.
3.Coombe et al. 1985. 8. Herrera-Saldana et al. 1982. 13. Ben-Ghedalia and Miron 1981.
4.Coxworth et al. 1981a. 9. Horton 1981. 14. Owen and Nwadukwe 1980.
5.Coxworth et al. 1981b. 10. Ibrahim and Pearce 1983.
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Cleavage of hemicellulose-lignin linkages may be of greater importance than simple
loss of lignin. After treatment with NaOH, hemicellulose is solubilzed and lignin content

remains the same (Jackson 1977). Though lignin content is similar between treated and

untreated straw, digestbility is shifted upwards (van Soest et al. 1984).

The changes in chemical composition appear to be associated with physical changes
in the cell wall which increase the ease of microbial attachment. Ternrud et al. (1988)
attributed increased digestibility of alkali treated straw to cleavage of alkali labile linkages
and to changes in the waxy surface layer of straw leading to increased attachment of rumen

microbes. Harbers et al. (1982) using electron microscopy showed stained lignin to be

more diffuse and pectin to be partially removed from plant material due to ammoniation.

Latham et al. (1979), using electron microscopy, observed increased numbers of bacteria

uniformly covering cell walls in alkali treated straw in comparison to microbial attachment

only at broken edges in untreated straw. Increased rate of microbial attachment reduced lag
time to initiation of fiber digestion to less than 24 h (Barton et al. 1986).

The changes to cell wall structure differ with the phylogenie origin and maturity of

the plant material. In cereal straws, alkali resistant phenolic material appears to cause little

obstruction to improved digestibility (Graham et al . 1984). There may be, however,
different susceptibilities in various cereal crop residues in relation to different strengths of

alkali. Graham et al . (1984) showed that barley straw was more susceptible to 10%

NaOH than wheat straw, showing greater loss of non-arabinose xylans than wheat straw.

At 20% NaOH, however, composition was the same. NaOH at 9% DM increased the

digestibility of wheat chaff 97.7% from 39.5 to 76.9 % while NaOH at 1.5% increased

DMD of oat hulls 36% from 40.3% to 54.8% (McManus 1978).

Temperature as well as strength and concentration of alkali may be a factor. In a

study of eight grasses and four legumes, McManus (1978) showed that the initial DMD of

wheat straw, oat straw, oat hulls and barley straw were 29.5, 49.4, 40.3 and 40.7%

respectively. After treatment with NaOR at 1.5% DM, digestibilities were 36.6, 53.5,
54.8 and 43.7% respectively. These values were increased funher at 80°C to 40.9,58.1,
67. land 50.7% respectively.

Coombe et al. ( 1979) treated barley straw with NaOR. Lag time was decreased

and rate of digestion increased from 0.048 to 0.052% h-1; 77% of digestion took place in

the first 48 h versus 43% in untreated straw. Alkali treatment improved the rate of
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digestion little despite increases in potential digestion. Rumen retention time of undigested
particulate matter was reduced from 37.2 to 28.2 h, rumen ammonia decreased from 176 to

7 mg N 1-1 and total volatile fatty acid (VFA) production increased from 35.8 to 40.0 mmol

1-1. Low rumen ammonia may limit rate of digestion. In vivo DMD (IVVDMD) increased

from 55 to 66%, in vivo OMD (IVVOMD) increased from 57 to 67%. In vivo

hemicellulose digestibility increased from 70 to 100% and cellulose digestibility from 66 to

79%. DMI increased from 3.66 to 5.03 kg d-1 and change in empty body weight increased

from 0.08 to 0.83 kg d-1.

Dicotyledonous plants appear to have a greater proportion of alkali resistant

linkages thus their response to alkali treatment is not as great. NaOH increased IVVDMD 7

percentage units and IVVOMD 5 percentage units in cotton linters. Average daily gain
(AOO) increased to 148 g d-1 and feed to gain decreased to 8.61 with intake of 1,275 g d-1

in sheep. In steers, ADG increased from 0.62 to 0.66 kg d-1 (NS-not significant) while

VFI did not increase and feed: gain was reduced to 9.2 (Arndt and Richardson 1982).

Very little DM was solubilized in rapeseed straw (Alexander et ale 1987).

However, the DM solubilized accounted for any increase in digestibility. The fiber left

behind was virtually unchanged by alkali treatment. NaOH rates of 3-5% appeared to be

the optimum level and improved IVOMD by 5 to 15 percentage units. Coombe et al.

(1985) demonstrated the effect of NaOH treatment of rapeseed straw in sheep. Treatment

affected the digestion of straw in the rumen. Lag time to the initiation of digestion was

decreased, pH increased from 6.97 to 7.0, rumen ammonia decreased from 355 to 321 mg
1-1 and total VFA production increased from 55.5 to 78.6 mM 1-1. Intake increased 92% to

882 g d-1 in sheep, IVVOMD increased 11.7 percentage units from 33.9%, IVVOMD

increased 26.2 percentage units from 21.1,weight change increased from -142 g d-1 to +14

g d-1 and N balance increased from -2.25 to -0.58 g d-1. Change in weight gain reflected

change in intake. The increase in rate of passage prevented the animal from taking full

advantage of the increased potential digestion. This is illustrated by the difference between

in vitro and in vivo digestibility. Increase in intake was probably limited by N deficiency.

Grass hemicelluloses are more soluble in cold alkali than legume hemicelluloses

(van Soest 1983). Intake and digestibility in soybean stover treated with 6% NaOH + 2%

Ca(OH)2 were only increased when the straw was supplemented with small amounts of

alfalfa hay (Soofi et ale 1982) demonstrating that any improvements in feed value may be

eliminated by poor rumen environment. While NaOH treatment of cereal straw led to a 15-
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hemicellulose and lignin (Tarkow and Feist 1969). Wang et al. (1964) showed that

ammonia treatment of wood reduced the NIR absorbance at the wavelength characteristic of

C=() groups and increased the absorbance at wavelengths characteristic of amide bonds.

The increase in nutritive value of ammoniated roughages is attributable to alkali

effects first and then effects of supplemental N. Large scale ammonia treatment increased

NOMD of straw 15 percentage units and chaff 12 percentage units (Coxworth et al.

1981 a). At the same time N content of both straw and chaff increased to levels comparable
to medium quality hay. Ammonia treatment gave the largest increase in energy, organic
matter (OM), cellulose, NDF and ADF digestibilities in comparison to urea

supplementation. Increased digestibility reflects the alkali effect on the cell wall fraction.

Urea supplementation.produced the greatest increase in N digestibility and small but

significant increases in digestibility of the cell wall.

The relative improvement in nutritive value is smaller with ammonia treatment than

with NaOH treatment depending on the manner in which NaOH is applied. Wanapat et al.

(1985) compared 19 methods of alkali treatment. In vitro organic matter digestibility was

enhanced 4-7 percentage units with urea treatments, 12-15 percentage units with ammonia

treatment, 20-23 percentage units with wet NaOH but only 12-15 percentage units with dry
NaOH treatments. Ternrud et al . (1988) ranked effectiveness of alkali treatments of barley
straw. The main constituents of cell wall polysaccharides at the same rate when using
ammonia and dry NaOH treatments but at the greatest rate when using a wet NaOH

treatment Sundstel (1981) studied various alkali treatments on wheat straw. In vitro

organic matter digestibility ranged from 45-70%. He ranked the effect of alkali treatments

on improving digestibility as follows: dip-treated NaOH > ensiled NaOH = sprayed NaOH

> stacked ammoniated> untreated. It appears that while NaOH and ammonia are equal in

saponifying ester-linkages, NaOH under wet conditions breaks internal lignin and

hemicellulose-lignin bonds more efficiently and with greater speed. Therefore this

treatment is affected less by conditions of the environment at time of treatment.

While the effect may not be as great, ammonia treatment does have an effect on cell

wall composition. Reduction of water insoluble dry matter in barley straw was 2

percentage units after ammoniation (Morrison and Brice 1984) in comparison to 10

percentage units after NaOH treatment (Jackson 1977). Approximately 75% of the acetyl
groups present (Morrison and Brice 1984) and 60% of the silica present are solubilized by
ammoniation (Hartley 1981).
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Decreased fiber content is due in part to solubilization of hemicellulose. Birkelo et

al. (1987) observed NDF content of 73.3% of DM in ammoniated wheat straw compared
with 81.1% in untreated straw. In contrast, ADF increased from 54.4 to 59.2%. Horton

(1981) observed a consistent trend to lower hemicellulose levels in wheat, oat and barley
straws but ADF did not increase (fable 2.4). There was no effect on cellulose content

More permanganate lignin is solubilized in the rumen when ammonia treated straws

are fed (Graham et al. 1985). Less lignin was solubilzed in a sample of nine ammoniated

cereal straws (Horton 1981) but concentrations were variable. In a trial conducted by
Birkelo et al (1987) ADL averaged 7.91 % for untreated straw and 7.84% for ammonia

treated straw. The conversion of sugars to phenols by reaction with amino acids or

ammonia in the presence of heat (van Soest 1984) can increase both NDIN and ADIN in

ammoniated straws. Acid detergent insoluble nitrogen (ADIN) increased from 0.11 to

0.22% in ammoniated wheat straw (Birkelo et al. 1987). Knipfel et al. (1983) showed

greater increases in NDIN than ADIN in ammoniated grass forages due as ammonia reacted

with the pentosans in hemicellulose. The reaction of pentosans with ammonia is

responsible for the 'yellowing' of straw during ammoniation though it is not strictly
speaking a Maillard reaction. ADIN may actually decrease as a percent of total N, but

when soluble N is removed there is a net increase (Oji and Mowat 1979). Net effects range

from a small decrease to a small increase in lignin content

After aeration, nitrogen content of ammoniated wheat straw had increased

approximately threefold from 0.49 to 1.59% (Birkelo et al 1987). Besides providing
supplemental non-protein nitrogen (NPN), the increase in N associated with ammonia

treatment is positively related to increases in IVOMD (Kiangi et al. 1981) and can indicate

the effectiveness of the particular treatment.

The effectiveness of ammonia can be altered by manipulating the concentration of

ammonia, the temperature or the reaction period or 'curing time'. For straw treated five

hours with 10% ammonia at 150°C, lignin content decreased 51 %. Unidentified pans of

the lignin core were convened into soluble ammonia-lignin compounds which then

appeared in the water soluble fraction. In pelleted straw ammoniated with ammonium

hydrogen carbonate, lignin content decreased up to 36% depending on time, temperature

and concentration (Muller and Bergner 1975).
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Ammoniation increases the digestibility of crop residues by the same mechanism as

stronger alkalis, though perhaps to a lesser extent. In vitro dry matter digestibility of wheat

straw, oat straw and barley straw increased 7.8-10.1 percentage units, 4.8-7.5 percentage
units and 5.2-8.0 percentage units respectively (Kernan et al. 1979). Horton and Steacy
(1979) demonstrated that ammoniation increased the digestibility of nine wheat, oat and

barley cultivars 8% as the overall average though response to ammoniation was variable.

Increased fiber digestibility could explain most of the differences in OMD. In vitro organic
matter digestibility of Triticale increased 10 percentage units from 37.5 to 47.5% (Kernan
et al. 1981b).

Improved apparent digestibility of ammonia treated straw diets was largely the

result of increased disappearance of cellulose and hemicellulose. These changes may be

due to increased solubilization of hemicellulose and lignin and increased digestibility of the

residual cellulose and hemicellulose. Horton (1981) showed that ammoniation significantly
increased the digestion coefficients of NDF, ADF and cellulose 5.8, 4.7, and 5.8

percentage units respectively. Increases were largest for the wheat straw diets, averaging
17%, and were similar between barley and oats at about 8% improvement. Saenger et al.

(1983) showed that solubilization of NDF led to increases in digestibility. In vitro NDF

and ADF digestibilities increased 59 and 39% respectively, due mostly to solubilization of

cellulose. Birkelo et al. (1987) reported that DMD, NDF digestibility and ADF

digestibilities increased 4.3,11.4 and 5.4 percentage units respectively.

Graham et al. (1985) reported that ammoniation of cera! straw increased DMD at all

incubation times. Lag time was decreased from 1.7 to 1.3 hours and degradation rate

increased 3.8% to 4.2% and potential degradation increased from 63 to 77.3%. Morrison

and Brice (1984) found that ammoniation decreased the lag time so that there was 8% DMD

at 24 h. Digestibility from 24 to 78 h changed little. Ammoniated barley straw digestibility
increased 31.5% over untreated to 46.1 % due to decreased lag time. Energy availability
may also be increased by alteration of the VFA production and pattern. In ammoniated

wheat straw, total VFA concentration increased from 62.5 to 73.2 mmol l! (Birkelo et al

1987) although there was no change in VFA pattern (Birkelo et al 1987; Horton 1978;
Morris and Mowat 1980). Ammoniated corn stover produced a VFA pattern with a

reduced acetate:propionate ratio due to increased propionate levels (Oji et al. 1979).

Ammoniation improves the net energy of crop residues by reducing the loss of

energy in feces and urine. In a trial examining the effect of ammoniation on wheat straw,
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Birkelo et al. (1987) found that fecal energy loss was reduced from 44.9 to 39.9% while

urinary energy was reduced from 4.10 to 3.74% of gross energy (GE) intake for

ammoniated compared to untreated straw. Methane production was not affected.

Metabolizable eneergy (ME) as a percent of GE was improved from 45.2 to 50.0% by
ammoniation. Diet ME values were 1.88 and 2.16 Mcal kg-I for control and treated diets

respectively. There was no difference between diets in the amount of heat produced. Net

energy for maintenance (NEm) for the diet was calculated to be 1.26 Mcal kg-I for

untreated and 1.45 Mcal kg-I for ammoniated straw fed without supplement. NEg was

improved from 1.13 Mcal kg-! to 1.30 Mcal kg-l byammoniation. Differences in energy

values were due primarily to decreased fecal energy loss (Birkelo et aI1987). These values

are similar to those of Sundstel (1982) using diets of barley straw where 1.99 and 2.20

=Mcal kg-! ME were measured and percent ME values were 44.0 and 49.0 for control and

ammonia treated straw diets.

Digestibility of CP may be decreased in ammoniated forages. In one trial

digestibility was reduced from 67.8 to 53.5% (Birkelo et alI987). Microbial synthesis is

increased and microbial washout is greater when ammoniated straws are fed. This

microbial biomass is high in protein which may be low in availability because much of the

N is incorporated in poorly digestible nucleic acids.

A major effect of ammoniation is on voluntary intake. Untreated straws have low

digestibility resulting in a low rumen turnover rate which in turn leads to increased rumen

fill and CP deficiencies that may limit microbial growth. Horton and Steacy (1979)
demonstrated that ammoniation increased VFI an average of 19% in two experiments using
nine cereal straw rations, though the response to ammoniation was variable.

However,concentrate composed almost 50% of the ration. Hererra-Saldana et al. (1983)
found increases of only 13% for DM and 14% for digestible DM intakes with diets

composed almost totally of untreated or ammonia treated wheat straw. Intake of DM by
steers fed treated straw diets was increased from 1.04 to 1.29% of body weight for steers

on the treated straw diet over controls. Digestible DM! was increased from 0.59 to 0.78%

of body weight (Birkelo et al. 1987). The intake of indigestible DM was not increased

suggesting that physical limitations on intake still apply in ammoniated straw diets. Zorrila

Rios et al. (1986b) showed that voluntary intake of ammoniated straw increased by 30%.

Total fluid mass in the rumen was decreased whereas the amount of fluid imbibed in

particulate matter tended to increase in rumen contents of steers fed ammoniated straw. The

greater amount of rumen fluid absorbed by ammoniated straw may aid in penetration of the
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straw by bacteria or microbial enzymes thereby increasing rate of digestion and straw

intake.

Alkali treatment influences both speed and extent of digestion by increasing ease of

rumination and rate of comminution of feed particles (Birkelo et al. 1987; Graham et al.

1985). Steers fed ammoniated com stover increased VF1 by 12%. Reduced retention time

and greater rates of passage accounted for the increase in VFI (Morris and Mowat 1980).
The effect of ammonia treatment on cell walls under microbial attack is significant These

cell walls undergo a greater degree of disintegration of particles, possibly due to increased

hydratability of straw when lignin and hemicellulose is removed (van Soest 1984). As a

result the potential feed intake of ammoniated straw increases greatly due to an increased

turnover rate in the rumen. If digestion occurs more rapidly the less digestible portion of

feed will spend a shorter time in the rumen. The consequence is that the differences in

digestibility between treated and untreated straw will be reduced if the animals are allowed

to consume straw ad libitum, rather than if their eating is restricted. Since ammonia

increases rate of passage, more DM may reach the hindgut which could increase hindgut
fermentation (Morris and Mowat 1980).

Chaff is generally a higher quality feed than straw and can be improved by
ammoniation (Coxworth et al. 198Ia). Cereal glumes are highly lignified and silicified but

appear to be susceptible to the effects of the ammonium ion. Comparison of NaOH and the

weaker NH40H alkali on barley glumes showed that both alkalis were equally effective in

increasing the digestibility of this material (McManus 1978). Digestible energy (DE)
intakes of untreated chaff were greater than straw (Coxworth et al. 1981a). Ammoniation

increased CP 8.2 percentage units and increased IVDOM from 41 % to 50% at 15%

moisture with decreases in NDF and lignin (Table 2.4). Intake of diets containing
ammoniated chaff and oat straw were more than double the intake of DE in untreated straw

diets supplemented with oats and urea.

Due to greater resistance to alkali by bonds in the lignin-hemicellulose matrix of

dicotyledonous plants, the usefulness of ammonia as a treatment may be limited McManus

(1978) showed that legume residues require application of stronger alkali and/or higher
temperatures to enhance degradation. Coxworth et al. (1981b) found that ammoniation

increased CP of faba beans and field peas 9.2 and 7.3 percentage units respectively but
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2.6.3 Other Alkalis

Calcium hydroxide has been substituted for NaOH in some experiments. It is a

weaker base and takes longer than NaOH to react (at least 14 days) but it is less expensive,
safer to handle and reduces the Na load on the animal and environment.

However, Ca(OHh is difficult to use. It is ineffective below 40% moisture but the

fermentation when used in silage with greater than 45% moisture the fermentation

neutralizes the alkali. For effective use, Ca(OHh must be used in an ammonia oven

followed by ensilage. This makes its use uneconomical. There may be merit, however, in

the combined use of NaOH and Ca(OHh by reducing the Na load without affecting
digestibility (Owen et ale 1984)

NaOH and NH3 may be combined in treatment with slightly increased digestibility
(0rskov 1987). However, some of the advantage of NaOH is lost because a sealed

containerisrequrred.

2.7 Effect of Oxidation Treatments

Oxidative treatments act to selectively remove phenolic material without

significantly changing the carbohydrate composition (Alexander et ale 1987). In this way

they disrupt the lignin-hemicellulose matrix (Akin et ale 1987). When examined by electron

microscopy, straw treated with alkaline hydrogen peroxide (ARP) had bacteria uniformly
covering the plant cell wall. This is in comparison to untreated straw where bacteria are

found only at the cut and broken edges (Kerley et ale 1985 ).

Different treatments vary in improving digestibility only in their relative ability to

solubilize lignin. So with alkali treatments, the least digestible substrate is improved the

most but the relative rankings of forage in nutritive value rarely change.

Alkaline hydrogen peroxide (ARP) combines hydrolytic and oxidative dissociation

of lignin from the cell wall polysaccharides. A dilute solution of H202 may be used to

delignify fiber (Gould, 1984, 1985). Concommitent use of NaOH is required to catalyze
H202 into highly reactive intermediates. Ammonia is ineffective for this purpose (Lewis et

al. 1987). The highly reactive intermediates can penetrate the ordered structure of cell wall

\
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complexes and attack carbon to carbon bonds of the phenolic constituents of lignin (Lewis
et al. 1987).

In wheat straw, AHP improved digestibility when compared with alkali-treated

wheat straw. Solubilization of hydrophobic elements (lignin, waxes and cutin) and

hemicellulose may have made cellulose more susceptible to microbial attack. Content of

NDF and ADL decreased accompanied by a proportional increase in cellulose in unwashed

residue. However, ADL increased in washed straw, indicating that more hemicellulose

than cellulose was solubilized. Dry matter digestibility in sacco of wheat straw increased

10% which was lower than that reported by Kerley et al. (1985) but the concentration of

H202 was lower.

Alkaline hydrogen peroxide treatment solubilized 12-18% DM in rapeseed straw.

Loss of phenolics was 37-54% of the total present but had very little effect on the

digestibility of the remaining residue (Alexander et al. 1987). In cereal straw, AHP

doubled the disappearance of non-solubilized residue in sacco in 48 h (Kerley et al. 1985).
Lambs fed 36% and 72% AHP treated wheat straw consumed 122 and 335 g d-1 more

DDM respectively than lambs fed untreated straw. Neutral detergent fiber, ADF and

cellulose digestibilities doubled and DE and ME contents increased 150%. Animals

consuming the 72% AHP diet gained 235 g d-1 versus 106 g d-1 for those fed untreated

straw.

Ozone (03), also solubilized 12-18% DM in three varieties of rapeseed straw but

was more effective in removing phenolic material. Of the total lignin present 37-54% was

removed. The increase in IVOMD was related to the amount of phenolic material removed

as degradability increased from 33% to 48-56% (Alexander et al. 1987). Cell solubles and

degradability of cotton straw by rumen bacteria were appreciably increased after treatment

with 0J (Ben-Ghedalia and Miron 1981). Ozone solubilized most of the cell wall. Lignin
was reduced from 7.33% to 5.75%. The major products of lignin oxidation by 0J were

organic acids not phenols. This leads to a decrease in the pH of the forage and may limit

intake. Ozone increased IVOMD 50% from 44 to 67% (Ben-Ghedalia and Miron 1981).

Sulphur dioxide, S02, was more effective than NaOH in improving digestibility of

cotton straw in the study by Ben-Ghedalia and Miron (1981). In cotton straw, S02
solubilized most of the hemicellulose and converted it into cell solubles. Solubilization of

hemicellulose made the lignin matrix more diffuse, allowing microbes more access to

"\
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cellulose. Lignin content was decreased from 7.33% to 6.39%. The S02 treatment

increased IVOMD 80% from 44% to 80% whereas NaOH and DJ improved NOMD only
50%. In rapeseed straw, S02 solubilized 12-18% of the phenolic material, a loss of 15-

25% of the total present. Solubilization of lignin allowed improvement of NOMD from 33

to 38-44% (Alexander et al. 1987). Sulfur dioxide caused massive solubilization of

hemicellulose in wheat straw. In vivo organic matter digestibility was increased to 83%.

Some of the solubilized monosaccharide components appear to be poorly digestible and

may represent carbohydrate-phenolic complexes. The presence of a poorly digestible
component may explain a gap of 15 percentage units between IVOMD and IVVOMD

(Miron and Ben-Ghedalia 1987).

Several other oxidizing chemicals have been applied to straw. Klopfenstein et al.

(1972) used Sodium peroxide (Na202)to treat straw. It was as effective as NaOH but

much more expensive. Sodium sulfide was more effective than sodium sulfite in

improving digestibility but the effect was less than NaOH and the chemical more expensive
(Owen et al .1977).

2.8 Effect of Acid (Steam) Treatments

Some lignin-carbohydrate linkages are very acid labile. However, acid treatment

reduces pH of forages to a point where intake may be inhibited. Autoclaving can generate

acidic conditions by cleaving acetyl group substituents of hemicellulose. The technique is

commonly used in wood pulping. Dry matter digestbility of wheat straw increased from

29.5% to 32.2% by application of heat (80 OC) to wet straw for 17 h. Dry matter

digestibility of oat straw was increased from 49.5% to 50.5%, oat hulls 40.3% to 48.0%

while barley straw was unchanged. Alfalfa and red clover were not affected at this

temperature. Dry matter digestibility only increased when the temperature was 130 0C.

Alfalfa DMD increased from 61.3% to 65.6% and red clover DMD increased from 73.5%

to 78.5% (McManus 1978). Steam treatment of corn stover was found to be as effective

as ammoniation at ambient temperature (Oji et al. 1979) There was an increased rate of

passage and decreased retention time through increased rate of particle breakdown.

Increased availability of nutrients was indicated by the fact that digestibility was not

changed under these conditions.

In rapeseed straw 23-40% of phenolic material was solubilized in this way at a

temperature of 160 OC (Alexander et al. 1987). Insoluble material was 39-44% IVOMD in

"\
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vitro, a significant increase over 33% in the original material. However, at 200 oC residue

composition was changed by melting the lignin component and formation of Maillard

reactants. In vitro organic matter digestibility of the remaining residue was reduced. In

corn stover, steam treatment increased the amount of ADIN present (Oji and Mowat 1979).

Acid aging of straw with 0.9% HCL in a sealed container at room temperature for

eight days improved cellulose digestibility from 16% to 27% (Crosthwaite et al. 1984).
The increase in digestibility could be explained by solubilization of hemicellulose although
some lignin was also rendered soluble.

Sulfuric acid has been shown to increase digestibility in situ and increase cellulose

digestibility by 87% and 65% respectively (Crosthwaite et al. 1984; Fahmy and 0rskov

1983) and has been fed as part of the forage component (Holzer et al. 1980). However,
low pH of treated forage would probably inhibit intake and sulfuric acid is hazardous to

handle.

2.9 Ammoniation

Anhydrous ammonia is the most commonly used chemical for improvement the of

nutritive of ruminant feeds in North America and Europe (0rskov 1987). The use of

anhydrous ammonia as a chemical treatment has the advantage of practicability at the farm

level. A supply infrastructure already present through the fertilizer industry ensures that

anhydrous ammonia is readily available. It is lower in cost, easier to transport and

relatively safer than other chemicals. Using the technique of Sundstel et al. (1978),
ammoniation requires only a low capital cost. With these techniques large amounts of

roughage can be treated at once. It gives similar results with respect to dry matter intake

and digestibility to NaOH and adds supplemental NPN to materials normally deficient in

CPo It lacks the problem of sodium residues in the feces which is associated with use of

NaOH and which can cause Na to buildup in the soil when manure is used as fertilizer

(Faulkner et al. 1985; Streeter and Horn 1980; Horton and Steacy 1979). If treated before

heating begins, application of ammonia may limit the mould growth that leads to the

spoilage or spontaneous combustion of forages bailed too wet (Knapp 1975).
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2.9.1 Factors Affecting Ammoniation

Because it is a relatively weak alkali and is slow to react (Tarkow and Feist 1969), a

large number of environmental factors can affect the efficiency of ammonia treatment This

explains the high degree of variability observed in commercial situations (Ibbotson et al.

1984). Some of these factors are ammonia concentration, ambient temperature, reaction

period, moisture in the substrate and the substrate itself.

Most experiments indicate that there is very little improvement in digestibility
resulting from an increase in ammonia level above 3-4% of dry matter. If ammonia is

expensive, the economical optimum might lie below 3% OM (Sundstel et al. 1978; Kernan

et al. 1981a). Increased ammonia dosage from 1.0% to 2.5% increased IVOMD while

decreasing rate of effect were seen with further additions of ammonia. There is apparently
no interaction between the ammonia level and temperature but there may be interactions

with moisture content and reaction period. Kiangi et al. (1981) found rate of ammonia

application to be most important in solubilizing cell wall polysaccharides. They also

observed interactions between rate of application and OM and period of treatment. In vitro

dry matter digestibility and NOMD increased more with increased ammonia rate as reaction

period and moisture level increased.

Ammonia is a slow reacting chemical but, as with other chemical reactions, the

effect of ammoniation is accelerated by increasing temperature. Alibes et al. (1984)
showed that higher ambient temperature in summer compared to fall increased the

improvement of nutritive value by ammoniation. CP ammoniated in the summer was 85%

higher,OMD 12% higher,OMD 12.3% higher and VFI 19.3% higher. Waggepetersen
and Vestergaard-Thomsen (1977) found that temperature up to 45°C had a positive effect

with short reaction periods of less than one week. However, at this point the full potential
of ammonia to improve nutritive value had been reached.

At temperatures near to freezing the rate of reaction of ammonia is low and then

ceases when ambient temperature is below OOC. Therefore, in Saskatchewan, it is best to

ammoniate as early as possible in the fall before ambient temperature drops to an ineffective

range.

The effect of low temperature can be partly compensated for by increasing the

period of treatment. For low quality roughage treated with 3-4% ammonia at ambient
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temperature the following periods of treatment are most effective: at 15-30 oC, one to four

weeks of treatment are necessary; as temperature drops below 15 oC, reaction period
should be increased to 8 weeks, and, when ambient temperature drops below 5 oC, longer
than 8 weeks is necessary (Sundstel et al .1978).

Using the method of Sundstel et al. (1978) the roughage is covered with black

plastic and sealed. The stack should be kept sealed as long as possible to take advantage of

length of any effects due to long reaction period.

Moisture content in the material influences the effect of ammoniation. Waiss et al.

(1972) indicated that the optimum moisture content was 30% when straw was treated with

5% ammonia at ambient temperatures. Kiangi et al. (1981) found increasing moisture from

20% to 40% increased NDMD and IVOMD approximately 3% with positive interactions

with rate of ammonia. Higher moisture levels (up to 50%) may be necessary when using
high ammonia dosages. The advantages gained by increasing moisture level above 20%

-

may not be available in Saskatchewan where winter conditions cause handling problems
with high moisture forages (Kernan et al. 1979).

Normally anhydrous ammonia diffuses throughout the stack effectively from one

injection point thereby eliminating location effects (Alibes et al. 1984). However, when the

moisture level is marginal, this may not be the case. Saenger et al .(1983) found increased

CP content and IVDMD near the top of the stack. This was due to ammonia rising through
the stack in addition to moisture condensing at the top of the stack.

For reasons discussed earlier (Section 2.4), the type of substrate on which

ammonia is used may have a large influence on effectiveness of ammoniation and

contribute to the variability in effectiveness observed in practice. Sundstel (1984 )

surveyed nine cereal straws for IVVDMD (in vivo DMD) and IVVOMD (in vivo OMD)
and found increases of 5.5% to 13.0 %. Ammoniation may be ineffective if other factors

such as moisture content and ambient temperature are limiting.

Generally, treatment effects are greater in those materials that are initially lower in

digestibility as compared to more digestible materials. Kernan et al. (1977) found that the

crude fiber content of within variety samples of straw is negatively correlated with the in

vitro digestibility of ammoniated as well as untreated straws. The effect of ammoniation

was less for high than low-fiber straw. However, the effect of ammoniation was not
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sufficient to alter the relative ranking of the straws. Kernan et al. (1977) found that

ammonia treatment of wheat straw with an initial digestibility of 30% increased to 40% and

straw with an initial digestibility of 40% increased to 50%. Rather, ammoniation appears

to eliminate part of the variability observed between cultivars (Tuah et al. 1986).

Because of low initial quality, wheat straw usually improves more than other straws

by ammoniation. Improvement in wheat straw is followed by barley straw and the oat

straw. Cereal chaff is a higher quality feed initially and thus is expected to show less

reaction to the effects of ammoniation. As discussed earlier, differences in the pattern of

lignification influence the effect of ammoniation in monocotyledonous versus

dicotyledonous plants.

Straw may be treated with ammonia using urea+urease, NI40H, an aqueous

solution of ammonia or anhydrous ammonia. Each of these sources of ammonia are very

similar in their effect on nutritive value when other environmental factors are the same.

Sundstel et al. (1979) found aqueous ammonia to be as efficient as anhydrous ammonia in

improving digestibility of straw provided the same amount of ammonia was used.

Coxworth and Kullman (1978) compared urea with aqueous and anhydrous ammonia for

treatment of wheat straw. Anhydrous ammonia was slightly more effective than the other

two chemicals in these experiments. In other experiments (Kiangi et al. 1981; Dias da

Silva and Sundst�11986) urea+urease appeared more effective. Differences in effect due to

source of ammonia appear to be dependent on other limiting factors especially ambient

temperature. Ambient temperature must be sufficient to allow urease to cleave urea to

ammonia (Cloete and Krtitzinger 1983). Thus low ambient temperature may limit the

usefulness of urea in comparison to ammonia (Coxworth and Kullman 1978) but there are

no differences when ambient temperature is high (Dias da Silva and Sundst�11986)

2.9.2 The N Content of Ammoniated Residues

When crop residues are ammoniated, CP content increases up to three-fold

(Herrera-Saldana et al. 1983; Hartley and Jones 1976; Graham et al. 1985).

The amount of ammonia retained after ammoniation when the stack is first opened
ranges from 26% to 50.5% (Brown et al.1987). The proportion of ammonia retained

decreases as the ammonia application rate increases (Brown et ai. 1987; Kiangi et al. 1981)
and increases with increasing temperature (Oji and Mowat 1979). After aeration,

..
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ammoniated straw attains an almost constant ammonia N content irrespective of the

ammonia initially present or the moisture content of the straw(Dryden and Leng 1986).
The ammonia retained ranges from 18% to 40% of that initially applied (Males and Gaskin

1982). This corresponds to the 30% of added NH3 that was remained bound to straw after

aeration in comparison to 57% retention of added N when first sampled (Buettner et al.

1982).

Crude protein increases as the level of retained N increases. This increase is

positively related to increases in IVDMO and IVOMD (Kiangi et al. 1981). This

relationship is consistent with the manner in which ammonia reacts with ester linkages
(Tarkow and Feist 1969). As acetyl and phenolic acid groups are removed from carboxyl
groups they are replaced by amine linkages.

The retention of ammonia can be increased by the addition of small quantities of

S02 during ammoniation. N retention of ammoniated barley straw before airing was 10.2

to 27.9 mg g-l OM and decreased with aeration. When S02 was applied, N retention was

18.4 mg g-IOM and was not affected by aeration. Sulfur dioxide is more effective at

higher levels of ammonia application and higher moisture content. It is suggested that the

volatile N is partly dissolved in the free water of the straw and partly ionically bound to

anions in the straw. Therefore the amount retained is a function of the number of binding
sites and moisture content. S� presumably provides additional anions as binding sites for

ammonia. The S� treatment further increased D:MD and cell wallOMD to 81 % and 75%

from 65% and 57% respectively. S� increases temperature during the reaction above 45

OC, possibly providing a temperature effect to ammoniation. Sulfur dioxide alone had no

effect on digestibility under these mild conditions (Dryden and Leng 1986).

When ammoniated, nitrogen is incorporated into the crop residue in various forms.

The majority of N appears to be present as the soluble Nl4+ ion, with smaller fractions of

other nitrogen compounds bound both loosely and tightly to fiber. Less than half of the

total nitrogen incorporated in the straw is firmly bound. Of these linkages the most

abundant of the amide-N type. These linkages were present in melandoins, the brown

polymers produced by Maillard reactions. N was also present in amine, pyrrole and

pyridine groups. These are also Maillard reactants. The latter linkages made up less than

10% of N incorporated in straw (Benzing-Purdie and Ripmeester 1987).

�I
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Maillard reactants are formed by reactions between soluble sugars and amino acids

or soluble ammonia in the presence of heat Small increases in ADIN are commonly found

in ammoniated crop residues, probably because the reaction of ammonia is exothermic.

Graham et al. (1985) found about 3% of the N added was incorporated as ADF-N. Stack

temperature during ammoniation can rise to 70 oc for short periods during ammoniation.

The amount of ADIN formed increases with increasing application of heat Oji and Mowat

(1979) observed higher levels of ADIN in com stover ammoniated at elevated

temperatures, while the same effect was observed in cereal straws (van Soest 1984).

The soluble NI14+ ions and loosely bound N (soluble in phosphate bicarbonate

buffer) in ammonia treated straw is equivalent to urea N as an NPN source for rumen

microbes (Ramihone et al. 1988). There is evidence that the remaining N more tightly
bound to fiber is not as readily available. To some extent this may be beneficial. Oji et al.

(1979) suggested that the ammonia attached to ammoniated com stover was more slowly
solubilized than N in steam treated corn stover. It was observed that rumen ammonia levels

were elevated over other treatments for 5 h indicating the slow release. This may be

beneficial in maintaining a good rumen environment for fiber digestion.

Nitrogen in ammoniated straws may be insoluble. Ramihone and Chenost (1988)
found that rates of digestion of untreated straw incubated in the rumen of sheep fed

ammonia treated straw were lower than those observed with sheep fed untreated straw.

The rate of degradation could be increased by the supplementation of fish meal to the

ammoniated straw diet. The low degradability of straw before supplementation as

compared to after supplementation is indicative of low availability of N from the

ammoniated straw. Fish meal improved digestibility by providing fermentable N.

The fermentable N added by ammonia may not improve N balance and in fact may

reduce it. Buettner et al. (1982) found the N balance changed from positive to negative
despite increased intake and absorption of N. The energy available from the treated straw

was not sufficient to increase utilization of the additional N and consequently it was lost

through the urine.
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2.10 Supplementation of Ammoniated Straw

Supplementation of ammoniated straw diets should create favorable rumen

conditions for plant cell wall degradation. Ammoniation makes cellulose more available.

Therefore to justify ammoniation, supplementation should be geared to maximizing
cellulose digestibility. It is of little value to treat straw with alkali and subsequently feed it

with a high concentrate diet (0rskov 1987).

Ammoniated straws are sufficient for maintenance of ruminants if there are no other

requirements for energy. Ammoniated straw has been fed alone successfully to gestating
beef cows. Ammoniation allowed steers to maintain weight on straw alone (MacDearmid et

ala 1987). However, if production above maintenance is desired or environmental effects

increase energy requirements, supplementation of energy is required (Streeter et ala 1982).

If there are specific requirements, such as energy to overcome the effects of cold or

for physical work, the manner of supplementation can be manipulated to increase volatile

fatty acid (VFA) production. Decreased rumen turnover time which initiates a secondary
fermentation of microbial cells is the main method by which this can be achieved (see
Section 2.10.1).

If protein deposition in the form of growth, lactation or concepta is desired, rumen

fermentation can be manipulated to increase microbial synthesis. Fennentation conditions

for maximum microbial growth, fast outflow rate and provision of bypass protein can

accomplish this (perdok and Leng 1987).

2.10.1 Energy

Energy should be supplemented to improve fiber use rather than to effect large
increases in production. The level of supplementation should only overcome a deficit of

energy in the rumen which is limiting to rumen cellulolysis. A small amount of molasses

will increase the retention time of sisal threefold with a 3% increase in DMD. Similar

supplementation of higher quality forages increased retention time by 22%. Energy in

these diets is insufficient to use the nitrogen present for microbial synthesis. If microbial N

was the only protein source available during energy deficiency the inability to use nitrogen
limits digestion more than if complete protein was present (Borhami et ala 1983). In tum,

"'\
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low nitrogen utilization makes animals likely to suffer from energy deficiency. Silva and

0rskov (1988) showed that small amounts of sugar beet pulp (15%) and fishmeal (5%)
increased intake from 6.09 kg to 7.73 kg and gain from 185 to 769 g d-1 over ammoniated

straw fed alone.

Levels of supplementation of soluble carbohydrates over 40% of diets based on

ammoniated cereal straw can remove any effect of ammonia on digestibility (Nicholson et

al. 1978). When straw comprised only 36% of the diet there was no advantage of

ammoniated straw over non-ammoniated straw (Garrett et al. 1976). Coxworth et al.

(1981a) observed that the effects of ammoniation decreased as grain increased in the diet.

All effects were eliminated when straw was only 35% of the diet. Any effect of

ammoniation on digestibility of straw is eliminated by increased rate of flow-of rumen

contents. Rumen degradability of DM and fiber of NaOH treated, ammoniated and

untreated straw was significantly lower when turnips or molasses were provided (Williams
et al. 1984). However, higher grain diets increased the proportion of material fermented in

the hindgut (Ternrud and Neergaard 1986) limiting digestibility depression to some extent

Nonprotein nitrogen supplied by ammonia is less efficient economically than urea

when grain in the ration is high. Horton (1978) showed that ammoniation of straw had no

influence on digestibility or intake over urea supplementation of diets with approximately
50% barley. In high grain diets cost of treatment by ammonia was higher than its

contribution of supplemental N warranted

High levels of grain in the diet reduce the level of roughage intake as well as rate of

cellulose digestion in roughage based diets. Reduced cellulolysis results in increases in the

time that particulate matter spends in the rumen and hence decreases its voluntary intake

(0rskov and Barnes 1978 ).

Supplementation of 10-15% readily fermentable carbohydrates, equivalent to about

30% grain in the diet, can depress fiber digestion. This is partially due to competition
between amylolytic and cellulolytic bacteria, the effect of reduced rumen pH on cellulolytic
bacteria (El-Shazley et al. 1961) and the increased rate of passage of the fluid portion of

rumen contents (Hoover 1986). These effects are reflected in rumen pH. Mould and

0rskov (1983) reported that cellulose digestion was markedly depressed when rumen pH
was less than 6.2. At pH of 6.2 the depression of fiber digestion reflects competition while

at pH 6.0 there is a severe depression reflecting the effect of pH on cellulolytic bacteria and
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below pH 6.0 there are decreased bacterial numbers due to increased washout of microbes

in the liquid fraction to the lower digetive tract (Hoover 1986). Increased outflow rate can

also decrease DW by increasing lag time (van der Linden et ala 1984).

The extent to which rumen pH is depressed by supplementation depends largely on

the level and type of supplement used and the method of feeding it. The higher the

proportion of concentrate used and the more rapidly it is fermented, the more rumen pH
and cellulolysis will be depressed and the utilization of straw reduced. Similarly, the more

soluble and easily fermentable the supplement, the less it should be used in a straw based

diet. Molasses is most rapidly fermented followed by finely ground starchy feeds.

Roughly ground or rolled grain are the best energy sources of the grains.

Treatment of the grain with NaOH can help alleviate the depression of digestibility
by supplemental grain. Improved digestibility of energy and cell wall polysaccharides as

well as intake of straw or chaff was observed when NaOH treated oats comprised 40% of

the diet compared to untreated oats (Coxworth et ala 1981). The effects were less

significant when grain was less than 25% of the diet. NaOH treatment of grain would

probably be more effective for barley due to the lower fiber content as compared with oats.

Easily digestible by-products containing cellulose, hemicellulose and pectin such as

sugar beet pulp are excellent supplements for straw based diets (Fahmy et ala 1984 ).

Supplementation of silage to ammoniated wheat straw increased the digestibility of the

straw in comparison to diets supplemented with grain (Macdearmid et ala 1987)

Offering barley more than once per day helps to maintain the fibrolytic population.
Multiple barley meals had a less depressing effect on D:MD and intake of straw in barley
straw mainly diets due to a more stable rumen pH (Macdearmid et ala 1987).

2.10.2 Ionophores

Arndt and Richardson (1982) using cotton byproduct diets, showed that ionophores
increase the DM digestibility additive to the effect of NaOH treatments but OM digestibility
is not increased. In some experiments but not in others, monensin in forage diets has been

reported to decrease rumen turnover rate which would increase fermentation time and

digestibility (Arndt and Richardson 1985).

0\
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Feed efficiency of ammoniated com stover was improved approximately 9% by
addition of monensin. There was a concurrent decrease in the acetate:propionate ratio and

the blood urea nitrogen level (Oji et al. 1979). Monensin improves the availability of

glucogenic compounds by increasing the amount of propionic acid from fermentation

(Preston and Leng 1984).

2.10.3 Protein

Rumen microbes require protein or non-protein N to ferment carbohydrates such as

cellulose and the N requirement is directly proportional to the amount which can be

fermented. Untreated straw is generally insufficient in degradable protein to allow efficient

digestion .With more cellulose available by alkali treatment, the straw becomes even more

protein deficient

2.10.3.1 Non-Protein Nitrogen

The initial requirement for N by the ruminant animal is to satisfy the needs of rumen

microbes for fermentable N necessary for bacterial protein synthesis. Crop residues are

usually initially low in fermentable N. Making more energy available by alkali treatment

only excaberates the N deficiency. In one trial carried out by 0rskov and Grubb (1978)
NaOH treatment had no effect on digestibility unless urea was added.

Rumen bacteria can use protein or NPN for microbial synthesis though some

bacteria have exhibited a specific requirement for ammonia. If supplementation of

fermentable N is required NPN is usually the cheaper form.

The requirements of rumen microbes for fermentable N is highly variable. The

requirement for maximum microbial synthesis has been shown to range from 7 to 76 mg

ammonia N dl-I (Hoover 1986). The rumen environment and microbial population type
can influence rate of uptake of N. The requirement of fibrolytic bacteria attached to

particulate matter appears to be lower than free floating microbes. For low quality fibrous

feeds, the rumen ammonia requirement is generally believed to be approximately 50 mg dl :

1

When ammonia treatment is used as the method of alkali treatment, there is

generally sufficient ammonia which adheres to the straw to give adequate NPN to the

"\
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microbes for fermentation of the straw (0rskov 1987). Ammonia as a source of NPN

must be considered as an ordinary NPN source whose utilisation is dependent upon total N

in the straw, speed at which N is released and amount of available energy in the rumen

(Sundstel and Coxworth 1984). Meller and Hvelplund (1982) observed no positive effect

of supplementing ammoniated straw diets, sufficient in fermentable energy, with urea or

SBM on bacterial protein synthesis. The bacterial synthesis was 21.4 g l00g-1 and 29.8 g

100 g-1 OM digested in the forestomachs. This was equivalent to an average protein
synthesis for the rumen bacteria on a normal ration. Increased microbial synthesis
due to ammonia N is not observed when the initial CP content of the straw is high (AI
Rabbat and Heaney 1978).

In a nitrogen balance experiment with growing bulls, Mo (1977) found that 6 kg of

ammonia treated straw gave a nitrogen balance similar to 5 kg of untreated straw plus 150 g

herring meal. In another experiment there was sufficient NPN in ammoniated wheat straw

to meet the requirements of steers gaining 0.45 kg d-1 provided enough energy was

available (Zorilla-Rios 1986a).

Added ammonia N may not be utilized efficiently if the content of fermentable

energy is low (Herrera-Saldana et al. 1982). Requirements for fermentable N in the diet

can be calculated based on the fact that 3 g N will be incorporated in microbial protein per

100 g of fermentable carbohydrate. The source of N may be NPN, soluble protein of

undegradable protein at 3% of DOM (Preston and Leng 1984). A slight excess of NPN is

less detrimental to economic performance than a slight deficit (Sundstel and Owen 1984).

The N:energy ratio of ammoniated roughages is usually high (Zorilla-Rios 1986a).
Inefficient utilization of N is indicated by high rumen ammonia N levels , increases in

blood urea nitrogen (BUN) and increased urinary excretion of N. The rate of fermentation

must be synchronized with rate of uptake of ammonia. A continuous supply of N, as may

be present in ammoniated material (Oji et al. 1979) may be beneficial if cell wall is degraded
slowly.

Requirements for protein deposition may require further supplementation of energy

and NPN or bypass protein.



------.---.-------------------�

56

bellowing and sweating. Most marked, however, is the sudden stampeding involving
galloping in circles and colliding with other animals and fences (Weiss et 01 1986; Perdok

and Leng, 1987).

These symptoms have been reported in mice, guinea pigs, rabbits and chicks but

mostly in sheep, cattle and calves suckling cows fed problem feeds (Perdok and Leng,
1987). Sheep appear to be less susceptible, though this may be an undetected interaction

(Perdok and Leng, 1987).

The syndrome appears 3 to 14 days after ingestion of the problem forage begins.
Blood lactic and pyruvic acids are elevated leading to an acid-base imbalance which in turn

causes elevated serum Na (Weiss et ale 1986). Episodes occur every.:10 to 15 minutes with

animals appearing dazed to normal between episodes. New episodes can be precipitated by
loud noises (Weiss et ale 1986; Perdok and Leng, 1987). The only treatment appears to be

sedation until symptoms abate in order to prevent self-inflicted injuries and withdrawal of

the problematic feed. Symptoms disappear in one to two days and blood levels normalize

Within 18 days of feed withdrawal (Weiss et ale 1986; Perdok and Leng 1987).

Ammoniated forage toxicosis is caused by feeding higher quality forages which are

ammoniated at rates greater than 3% of DM (w/w) (Weiss et al 1986; Perdok and Leng
1987) and allowed to heat to temperatures great than 7f1J C for more than three hours

(Perdok and Leng 1987). Toxicosis can be caused by feeds with higher amounts of

reducing sugars than straw or straw with a CP content of 12% or more, with soluble N

above 60%, or hay having a total N content of 1.8-2.2% (Weiss et a11986; Perdok and

Leng 1987). The problem forages appear to be restricted to immature grass hays and stress

affected cereal hays (Perdok and Leng 1987; Weiss et 01. 1986). Ammoniated alfalfa hay
does not appear to be affected (Weiss et ale 1986) probably due to lower levels of

hemicellulose. However, in Canada, occasional occurences of a similar syndrome have

been reported in the dark brown and black soil zones of the prairie provinces (Knipfel,
Kernan, McCartney personal communication). Predisposing factors are abrupt changes in

diet with insufficient drinking water. The presence of starch in the diet reduces the risk

(Weiss et a11986; Perdok and Leng 1987).

The heterocyclic compound, 4-Methylimidazole (4-Me-I), a compound formed by
the reaction between ammonia and glucose in the presence of moisture (Windhaust and

Knoop 1905 ), has been implicated as a possible causative agent. 4-Me-I was shown to
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2.10.4 Vitamins and Minerals

Straw and other crop residues are deficient in the fat soluble vitamins. Cattle and

sheep should receive vitamins A, D, and E in a supplement or in injectable form every 3

months (Streeter and Horn 1980) though hepatic stores may be sufficient in the short term

(Lyons et al . 1970).

As ruminants are considered able to synthesize sufficient water soluble vitamins to

meet their needs except in cases of very high milk or meat production (Flachowsky et al .

1988a), little information is available on the effects of supplementation with these vitamins.

.z; Addition of 0.5 g niacin to a 60: 40 concentrate:ammoniated wheat straw diet and 0.5-1.0 g
niacin to a 100% ammoniated wheat straw diet led to a small decrease in in sacco DM

degradation. Flachowsky et al. (1988a) speculated that reduced butyrate concentrations

may lead to reduced incidence of ketonuria and ketosis in dairy cows. Supplementation of

ammoniated wheat straw with 1 g choline significantly affected in sacco DM degradation
curves and increased final DM degradation from 46.9% to 49.7%. Though molar

concentrations of volatile fatty acids were reduced, these do not reflect total production. It

seems likely that total acid production was increased. In addition, choline may help in the

absorption of volatile fatty acids from the rumen (Flachowsky et al . 1988b). Bouillier

Oudot et al. (1988) showed that B vitamin supplementation increased rate of degradation of

straw but not of hay and beet pulp.

Ensuring an adequate supply of micro-elements to the ruminant is necessary in

order to ensure an adequate rumen ecosystem. The mineral content of straw is low and

unbalanced but may be sufficient for maintenance. In many instances the requirement of

the animals for minerals increases with increasing level of production. Ammonia treatment

does not make nutrients other than energy more available, but is likely to increase the level

of production, thus creating greater demands for other nutrients (0rskov 1987). For meat

and milk production, however, the mineral content is insufficient (Preston and Leng 1984).
The mineral elements most commonly deficient or marginal are Ca, P, Mg, Co, Cu, Sand

Na though levels and bioavailability of these and other elements may vary with soil

conditions, closeness to the oceans (Na) and content of oxalates and silica (Preston and

Leng 1984; Streeter and Horn 1980) .

...
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bellowing and sweating. Most marked, however, is the sudden stampeding involving
galloping in circles and colliding with other animals and fences (Weiss et al 1986; Perdok

and Leng, 1987).

These symptoms have been reported in mice, guinea pigs, rabbits and chicks but

mostly in sheep, cattle and calves suckling cows fed problem feeds (Perdok and Leng,
1987). Sheep appear to be less susceptible, though this may be an undetected interaction

(Perdok and Leng, 1987).

The syndrome appears 3 to 14 days after ingestion of the problem forage begins.
Blood lactic and pyruvic acids are elevated leading to an acid-base imbalance which in turn

causes elevated serum Na (Weiss et al. 1986). Episodes occur every-=lO to 15 minutes with

animals appearing dazed to normal between episodes. New episodes can be precipitated by
loud noises (Weiss et al. 1986; Perdok and Leng, 1987). The only treatment appears to be

sedation until symptoms abate in order to prevent self-inflicted injuries and withdrawal of

the problematic feed. Symptoms disappear in one to two days and blood levels normalize

within 18 days of feed withdrawal (Weiss et al. 1986; Perdok and Leng 1987).

Ammoniated forage toxicosis is caused by feeding higher quality forages which are

ammoniated at rates greater than 3% of DM (w/w) (Weiss et al 1986; Perdok and Leng
1987) and allowed to heat to temperatures great than 700 C for more than three hours

(Perdok and Leng 1987). Toxicosis can be caused by feeds with higher amounts of

reducing sugars than straw or straw with a CP content of 12% or more, with soluble N

above 60%, or hay having a total N content of 1.8-2.2% (Weiss et a/1986; Perdok and

Leng 1987). The problem forages appear to be restricted to immature grass hays and stress

affected cereal hays (Perdok and Leng 1987; Weiss et al. 1986). Ammoniated alfalfa hay
does not appear to be affected (Weiss et al. 1986) probably due to lower levels of

hemicellulose. However, in Canada, occasional occurences of a similar syndrome have

been reported in the dark brown and black soil zones of the prairie provinces (Knipfel,
Kernan, McCartney personal communication). Predisposing factors are abrupt changes in

diet with insufficient drinking water. The presence of starch in the diet reduces the risk

(Weiss et a11986; Perdok and Leng 1987).

The heterocyclic compound, 4-Methylimidazole (4-Me-I), a compound formed by
the reaction between ammonia and glucose in the presence of moisture (Windhaust and

Knoop 1905 ), has been implicated as a possible causative agent. 4-Me-I was shown to
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cause a similar syndrome in ammoniated molasses which was subsequently withdrawn

from the market (Bartlett and Broster 1958). This compound has been isolated in trace

amounts in ammoniated wheat straw (Benzing-Purdie and Ripmeester 1987). Perdok and

Leng (1987) showed that there was a significant decrease in reducing sugars during
thennoammoniation while 4-Me-1 concentration was increasing. They also showed that

these rations later caused toxicosis.

The symptoms of ammoniated hay toxicosis are reminiscent of hypomagnesemia.
This condition could be caused in two ways with ammoniated hays. The addition of

ammonia to the rumen could increase the pH and create conditions leading to the formation

of unavailable ammonium magnesium chelates. Some experiments have shown that

supplemental Mg has at least partially alleviated symptoms of toxicosis (Vosloo 1985;
Bartlett and Broster 1958) though the design of these experiments has been criticized by
Perdok and Leng (1987) who showed no response to MgO drenching.

4-Me-1 may complex with Mg and Ca in blood (Vosloo 1985). Perdok and Leng
(1987) showed that occular fluid in Mg supplemented steers was marginal in Mg and

deficient in Ca even though blood levels were normal. In addition, blood did not coagulate
in animals even three hours after death, suggesting chelation of ea+2 and Mg+2 ions by
4-Me-I (perdok and Leng, 1987).

Alkaloids have also been implicated as causative agents. Weiss et al . (1986) could

not produce symptoms of toxicity in mice with 4-Me-I, but did so with an unidentified

alkaloid, possibly an indole, present in milk of cows fed diets causing toxicity in their

calves.

While "bovine bonkers" should not be a factor in ammoniation of crop residues, the

problem should not be disregarded because of the potential hazard to human health by the

presence of a toxic factor in the milk that survives pasteurization (perdok and Leng, 1987).
The problem should be prevented by taking appropriate precautions. Higher quality
forages should not be ammoniated with levels greater than 2-3% ofDM. Excessive heating
should be prevented by shading or insulating the tops of stacks or by ammoniating on

overcast or cool days.
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2.12 Summary

Large quantities of crop residues are available for livestock feed in western Canada.

However, due to physiological maturity of the crop residues they are low in nutritive value.

Low nutritional value is a function of the high degree of lignification typical of these

forages. Lignin limits digestibility which, in tum, limits voluntary intake.

Nutritional value may be improved by chemical treatments. Ammoniation is the

treatment of choice in the prairies mainly due to availability, ease of handling and low cost.

There is a large quantity of information available on the effect of ammoniation on

cereal crop residues. However, there is less information available on non-cereal crop

residues common to western Canada such as flax straw, canola straw and annual legume
straw. As these crops become more popular in crop rotations in western Canada their

-

associated crop residues will become more abundant Because the nutritive value of these

crop residues is also low, information on the effect of chemical treatment is necessary

before they can be used effectively in ruminant rations.
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3.0. MATERIALS AND METHODS

The effect of ammoniation on the nutritional value of several crop residues available

for feeding to ruminants in western Canada was examined. Four experiments were

conducted over two years. Two trials were conducted to study the effect of ammoniation

on digestibility and voluntary intake by beef steers and two trials were conducted to

evaluate the performance of these forages in winter maintenance rations for beef cows.

3.1 Preparation of Crop Residues

Year 1: 1985-1986.

Wheat straw (Triticum aestivum L. cv. Neepawa), wheat chaff (cv. Katepwa,
Columbus, Neepawa), flax straw (Linum usitatissimum L. cv. Dufferin) and

bromegrass/alfalfa (Bromus inermis Leyss./Medicago sativa L.) hay were collected within

an 8 Ian radius of the Tennuende Research Station, Lanigan, Saskatchewan. The hay and

straws were square-baled and stacked in amounts of 15 t to 25 t. The wheat chaff was

simply piled on the ground in a wind-protected area to await covering and treatment

The moisture content of the wheat and flax straws at the time of ammoniation was

15% and 17% respectively. The initial moisture content of the wheat chaff was 9%. Chaff

was reconstituted to 15% moisture by pumping water from a storage tank onto the chaff

through an ordinary lawn sprinkler. During wetting, the chaff piles were periodically
mixed with a front end loader mounted on a tractor in an attempt to evenly distribute the

added moisture. One-half tonne of the untreated wheat and flax straws, chaff and hay were

reserved for use in a steer digestibility and voluntary intake trial.

The remaining straws and one-half of the chaff were ammoniated using the method

described by Kernan et ale (1981a). The stacks were covered with 6 mil black polyethylene
plastic sheets then sealed by anchoring the sheets with soil. In one case, chaff was piled
between two of the previously covered straw stacks and covered. This method was

effective in containing the chaff and reducing the quantity of plastic required to cover it.

Any holes created in the plastic during the covering process were taped with plumbers
ducting tape.

After covering, the stacks were treated with liquid anhydrous ammonia (NH3).
Ammonia was injected through 6.6 m by 6.35 em perforated iron pipes inserted through
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plastic sleeves, one into each end of the stack. The anhydrous ammonia was pumped into

the stack at 3.5% (w/w) of feed dry matter. Air was allowed to escape through a hole left

in the seal. The hole was sealed as soon as ammonia was detected escaping. Application
of ammonia was interrupted if the plastic billowed excessively and was restarted when the

billowing subsided. The plastic sleeves were immediately sealed after the pipes were

removed.

The crop residues were allowed to cure for 21 d, from 25 October, 1985 to 15

November, 1985. The mean maxiumum and minimum temperatures for the duration of

the curing period were 1.3 oC and -11.0 oC respectively. For the first 10 d of the curing
period the average maximum temperature was 8.9 oC and the average daily temperature
was 3.6 =c,

The stacks were opened and allowed to aerate 24 h before sampling took place and

feeding began. Samples were collected by coring the stacks in 12 to 15 places and

compositing them. A sample of 10 to 20 bales were weighed. The average weight of hay,
ammoniated wheat straw and ammoniated flax straw bales were 18.6, 20.9 and 21.3 kg
respectively. These weights were taken as the means of the bales present in the stack and

used to calculate the number of bales required to meet the daily feed allowance. One-half

tonne each of the ammoniated crop residues were transported to Saskatoon for use in the

steer digestibility trial along with the untreated crop residues mentioned previously.

As a safety precaution, feeds were analysed for prussic acid and nitrate at the

Saskatchewan Feed Testing Laboratory, Saskatoon, before feeding trials were initiated.

None of the crop residues contained dangerous levels of these compounds.

Year 2: 1986-1987

Wheat straw, wheat chaff. flax straw and lentil (Lens culinaris L.) straw and

bromegrass/alfalfa hay were again collected within an 8 km radius of Termuende Research

Station. One-half tonne of the wheat and flax straws were set aside and the remainder.

together with one-half the lentil straw and wheat chaff were ammoniated by the same

method as described in Year 1. The moisture content of the wheat straw, wheat chaff, flax

straw and lentil straw were 19, 16, 16 and 15 % respectively. No additional water was

applied. Stacks were treated on October 14, 1986 and allowed to cure for 30 days to

November 13, 1986. The mean temperature during the treatment period was -5.0 oc.

However the mean maximum temperature for the first 14 d of the curing period was 17.4
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°C while the mean minimum temperature was -1.3 <>C. The daily mean temperature during
this period was 8.3 0C. Feeds were allowed to aerate 24 h before sampling took place and

feeding began.

Average bale weights were 20.0, 20.0, 18.6 21.8 and 28.0 kg for ammoniated

lentil, lentil, ammoniated flax, ammoniated wheat straws and hay respectively.

One-half tonne each of the untreated and ammoniated straws and chaff and the

brome-grass alfalfa hay were transported to Saskatoon for use in a steer digestibility and

intake trial.

3.2 Cow Maintenance Trials

Experiment 1: 1985-1986

A herd of 110 non-lactating, gestating, crossbred cows, held outdoors in open pens

with wind protection provided by porosity fences or sheds, were used in a winter feeding
trial. Two blocks, consisting of 66 mature cows (born in or before 1982) and 44 younger

cows (born in 1983 and in calf for the second time) were randomly assigned to one of five

treatments. Treatments consisted or rations based on ammoniated flax straw (NFLAX),
ammoniated wheat straw (NWHST), wheat chaff (WHCH), ammoniated wheat chaff

(NWHCH) and bromegrass/alfalfa hay (HAY). Cattle within treatment and blocks were

penned separately resulting in two pens per treatment

Rations were formulated to meet requirements suggested by the National Academy
of Sciences (NRC 1984) and to provide TDN equivalent to the bromegrass/alfalfa ration.

Rations were supplemented with barley at the rate of 3.0 kg d -1 for chaff, 4.0 kg d-1 for

wheat straw and 5.6 kg d-1 (90% DM) for flax straw to meet these criteria. Supplemental
barley contained 72% TON (90% DM).

A mineral supplement was offered free choice to all cows. This supplement
contained Ca (140 g kg-1), P (140 g kg -1), Cu (2000 mg kg-1), Zn (7200 mg kg-1), Mn

(3,600 mg kg-1), Fe (10,500 mg kg-1), I (300 mg kg-1) and Co (18 mg kg-1). The

approximate average daily intake of mineral supplement was 45 g cow-1 day-l. In addition,
cows were injected on a monthly basis with 5 ml vitamin supplement containing
500,000 IU vitamin A, 75,000 IU vitamin D3 and 50 IU vitamin E mI-1.
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Prior to initiation of the trial, all cows were fed a bromegrass/alfalfa hay ration.

During a 28 d adjustment period immediately preceding the trial, the content of hay in the

diet was replaced with increasing amounts of wheat straw and barley.

The trial commenced on 15 November, 1985 and concluded 112 d later on 7

March, 1986 when calving began. The crop residues were fed according to appetite. H the

feeding allowance was not consumed in one day, the next feeding was missed. Barley was

fed on a twice daily basis.

Feed intake was recorded on a daily basis. Approximate average daily feed intake

of straws and hays was based on sample weight of bales obtained as described in Section

3.1. Approximate average daily feed intake of wheat chaff was determined daily using a

silage wagon mounted with a scale.

All cows were weighed at the beginning of the trial and approximately every 28 d.

Average daily gain was calculated for each weigh period and for the overall 112 d period.
Backfat thickness was measured monthly in the younger cows using a Scanmatic SM-1

instrument (N-DEX Instruments Ltd., Montreal, PQ, Canada).

A total of 10 cows from the trial were excluded from the analysis. They were

eliminated from the trial because they aborted, calved before the trial ended or were

carrying twins.

Experiment 2,' 1986-1987

In the second year, 203 gestating cows from the same herd were used in a similar

trial. The block of mature cows (born in or before 1983) consisted of 135 cows and the

block of younger cows (born in 1984 and in calf for the second time) consisted of 68

animals. The cows were randomly assigned to one of the following treatments:

ammoniated flax straw (NFLAX) , lentil straw (LENTIL), ammoniated lentil straw

(NLENTIL), wheat chaff (WHCH), ammoniated wheat chaff (NWHCH), ammoniated

wheat straw (NWHST) and hay (HAY).

The amount of supplemental barley was reduced from that fed in Experiment 1 due

to excessive fat deposition observed in that trial. Barley supplementation was 3.0 kg d-l to

the ammoniated wheat and flax straw diets and 2.0 kg d-l (90% OM) to the remainder of

the diets except bromegrass/alfalfa hay which was fed without barley supplement. Barley
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supplementation was the same for older and younger cows. Supplemental barley had 73%

lDN (90% DM). Mineral supplement of the same composition as Yearl was available ad

libitum.

The trial began on 13 November, 1986 and ended 78 d later on 3 February, 1987.

Weight and backfat thickness were measured on all cows at the beginning of the trial and

every 28 d. One cow from the ammoniated flax straw treatment aborted during the trial and

was excluded from the analysis. There was no evidence that the abortion was associated

with the feeding regime.

3.3 Intake and Digestibility Trials

Experiment 3: 1985-1986

A trial to examine the effects of ammoniation on in vivo digestibilty and voluntary
intake was performed. Crop residues examined were untreated (FLAX) and ammoniated

flax straw (NFLAX) , untreated (WHCH) and ammoniated wheat chaff (NWHCH),
untreated (WHST) and ammoniated wheat straw (NWHST) and bromegrass/alfalfa hay
(HAY). Roughages were chopped into 4 em lengths in preparation for the trial. Flax straw

took on a fluffy 'cottonball' appearance on chopping rather than forming distinct pieces.

Twelve Hereford steers (mean liveweight 245 ± 13.2 kg) were used in the trial.

Four steers were randomly assigned to each of three treatments. A 10 d adjustment period
was followed by 7 dvoluntary intake and 5 d total collection during which feed intake was

reduced to 80% of voluntary intake (Christensen et al. 1977). Steers were reassigned to

new treatments until the in vivo digestibility of each feed was determined. The in vivo

digestibility of ammoniated and non-ammoniated flax and wheat straws and wheat chaff

were determined indirectly. The wheat and flax straw rations were supplemented with 2 kg
d-1of sweet clover (Melilotus cfficinalis (L.) Pall.) hay (58.2% NVDOM) and 1 kg -1 dairy
concentrate (69.6% IVVDOM) for the wheat and flax straw rations. Only 1 kg dairy
concentrate was used for the untreated and ammoniated wheat chaff rations due to their

higher initial nutritive value (Table 4.1). Digestibility of the bromegrass/alfalfa hay was

determined directly.

Fecal samples were prepared by collecting and homogenizing total daily fecal output
of each steer and taking a 10% aliquot. These samples were dried for three days in a forced

air oven at 60 oc. The dried samples were ground to pass through a 2 mm Wiley mill
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screen. Ground samples were thoroughly mixed and a subsample taken and stored in a

sealed container until they were chemically analysed.

Feed samples were collected via daily 'grab' samples. These samples were

composited and dried for three days in a forced air oven at 60 OC. The dried samples were

ground to pass through a 2 nun Wiley mill screen. Ground samples were thoroughly
mixed and a subsample taken and stored in a sealed container until chemical analysis was

performed.

Digestibility coefficients were calculated according to Crampton and Hams (1956)

using the formula:

=

(B x b) + (S x s) = T(b x s) (1)

where B,S, and T are digestibility coefficients of the basal (clover plus dairy concentrate),
supplemental (crop residue) and total diets, and b and s are the proportions of basal and

supplemental components of the diet

Experiment 4: 1986-1987

Twelve Hereford or Hereford x Simmental steers (mean weight 242 ± 23 kg) were

used to determine voluntary intake and in vivo digestibiliy of crop residues in the same

manner as described for Year 1. Treatments were the same with the addition of untreated

(LENTIL) and ammoniated (NLENTIL) lentil straw. The in vivo digestibilities of the crop

residues were determined indirectly with diets containing 1 kg alfalfa pellets (63.3% in vivo

DOM). The digestibility of the bromegrass/alfalfa hay was determined directly.

Prior to feeding these diets, the steers had been fed high quality silages. Due to

dryness and coarseness of the crop residue diets and the differences in palatability betweeen

these two forage types, intake may have been affected during the voluntary intake period.

3.4 Chemical Analysis

In each year of the trial, composited feed samples were obtained for chemical

analysis of each untreated and ammoniated feedstuff as described in Section 3.3. Moisture,

CP, TON, Ca, P, trace minerals and IVOMD were determined for each of the samples.
The analysis were performed by the Saskatchewan Feed Testing Laboratory, Saskatoon.
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Total nitrogen was determined using the Kjeldahl method and percent CP was calculated (N
x 6.25). NOMD was determined using the method described by Tilley and Terry (1963)
as modified by Troelsen (1969). Total digestible nutrient was predicted from a measure of

ADf content by the equation of Adams (1986). This ADF value is not reported in the

results.

Acid detergent fiber, NDF, ADL and ash were determined for both feed and fecal

samples obtained during the digestibility trial. Analysis was performed according to the

techniques described by Goering and van Soest (1970) and digestibility coefficients were

calculated.

3.5 Statistical Analysis

All data were subject to analysis of variance except for increases in voluntary intake

which were examined by Student's t-test Means were separated by Tukey's test.
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4,0 RESULTS AND DISCUSSION

4.1 Chemical composition

Chemical composition was determined for untreated and ammoniated flax straw,

wheat chaff and wheat straw and bromegrass/alfalfa hay. Untreated and ammoniated lentil

straw treatments were examined in the second year of the study.

All of the untreated crop residues in both years of the study were high in fiber and

lignin content and low in CP content in comparison to hay (Table 4.1,4.2). Flax straw

was similar in NDF content to wheat straw and chaff but contained higher levels of ADF.

The higher level of ADF can be attributed to much higher levels of ADL and to lower

hemicellulose content (NDF-ADF). In addition, CP content of flax straw was lower than

wheat straw and chaff.

NDF and ADF content of wheat chaff and wheat straw were similar. However,
ADL was lower and CP content was higher for wheat chaff. Lower ADL and higher CP

content indicate that chaff may be of higher nutritive value than wheat straw though higher
CP content may be the result of weed seeds, high in nitrate, present in the chaff. ADL

content of wheat straw was somewhat lower than the average of 10% reported in the

literature. In both years of the study, the wheat chaff was higher in ADF and ADL than

was found by Kernan et al. (1981a) and Anderson (1978). Average values ofNDF, ADF,

ADL, CP and ash reported for wheat chaff by these researchers were 71 %, 38%, 4%, 6%

and 9% respectively. The poorer quality of wheat chaff used in this study may be due to

high levels of chopped straw in the chaff.

Chemical composition of lentil straw was examined in the second year of the study.
Lentil straw had higher levels of ADL than the cereal crop residues but lower levels than

flax straw. Cell wall content was lower than the other crop residues examined. Lentil

straw also contained higher levels of CP and Ca than other crop residues examined in the

study.

The composition of lentil straw examined in this study is similar to that of other

annual legume straws. Coxworth et al. (1981b) concluded that dicotyledonous straws

were higher in nutritive value than monocotyledonous straws due to higher digestibility and

CP content. These researchers reported ADF and CP content of faba bean and field pea
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Table 4.1 Composition of feeds (%) before and after ammoniation (100% DM), 1985-1986.

CropResidue DM CP TDN NDF ADF ADL Ash Ca P

Flaxstraw 95.4 2.8 29 73.8 58.7 10.6 3.2 0.50 0.07
NH3Flax straw 78.2 5.5 39 71.9 57.4 10.5 2.6 0.47 0.03

Wheatchaff 85.4 5.7 46 77.0 48.3 6.6 7.4 0.78 0.10
NH3Wheat chaff 77.0 12.1" 50 72.0 45.6 5.6 8.0 0.29 0.08

Wheatstraw 94.9 3.1 41 65.4 42.6 6.8 5.3 0.34 0.04NH3Wheat straw 86.4 6.5 42 74.7 50.3 7.0 4.9 0.23 0.03

Hav 91.2 14.5 60 48.2 28.3 4.2 8.8 0.93 ruQ

Table 4.2 Composition of feeds (%) before and after ammoniation (100% DM), 1986-1987.

CropResidue DM CP TDN NDF ADF ADL Ash Ca P

Flaxstraw 76.3 4.0 27 76.6 59.1 12.8 2.5 0.53 0.06NH3Flax straw 83.8 9.0 28 80.4 62.2 14.6 1.9 0.39 0.06

Lentilstraw 67.0 7.5 50 64.0 41.8 9.4 8.8 1.74 0.26NH3Lentil straw 76.6 17.1 57 56.5 36.4 7.9 8.8 1.32 0.22

Wheatchaff 82.8 6.4 44 71.8 48.2 6.3 12.3 0.41 0.14NH3Wheat chaff 54.7 13.7 40 73.1 52.1 6.5 16.8 0.38 0.15
Wheatstraw 88.0 5.7 38 78.8 51.8 6.8 6.6 0.31 0.10NH3Wheat straw 81.0 10.3 39 72.1 52.1 6.9 6.9 0.31 0.10

Hav 86.2 17.4 61
_ 54.5

__ _3Q.6 _ 5.3 7.3 1.30 0.19
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Table 4.3 Trace mineral composition of crop residues (100% DM), average of untreated and ammoniated samples.

Cropresidue Cu Fe Mg Mn Zn K S Se Mo Na
ppm ppm % ppm ppm % % ppm ppm %

Flaxstraw
1985-1986 12.0 158.4 0.30 22.2 5.7 0.49 0.23 0.33 0.14 0.071986-1987 3.9 64.7 0.23 25.9 9.6

Lentilstraw
1986-1987 7.1 185.3 0.68 33.5 12.8

Wheatchaff
1985-1986 3.1 281.1 0.19 43.8 12.2 0.79 - 0.37 0.221986-1987 3.6 189.6 0.41 52.8 14.2

Wheatstraw
1985-1986 3.0 125.3 0.21 40.7 5.8 1.1 0.30 0.23 0.32 0.021986-1987 4.1 114.2 0.12 33.2 12.6

Hay
1986-1987 5.8 190.4 0.28 42.8 18.4

II
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residue to be 44% and 10% and8% respectively. Ibrahim and Pearce (1983) reported that

NDF and ADL content of field peas were 69% and 11 % respectively.

Dicotyledonous plants are characteristically lower in hemicellulose and higher in

lignin content than monocotyledonous plants (lung and Vogel 1986; Alexander et al.

1987). They also contain more cellulose than grasses (van Soest 1974).

The ammoniation process resulted in changes in the chemical composition of the

straw as illustrated by the composition of samples taken during the digestibility trial (Tables
4.1, 4.2).

Ammoniated crop residues were- sampled after they had been chopped and stored.

Longer storage and grinding would allow any loosely bound ammonia to evaporate

(Buettner et al. 1982; Gordon and Chesson 1983). This method would allow a more

accurate estimation of the N incorporated in the fiber of the crop residue and thus in

cleaving linkages between hemicellulose and the lignin matrix (Tarkow and Feist 1969).

The increase in CP content after ammoniation for flax straw, wheat chaff and wheat

straw ranged from 96-125%, 112-114% and 81-109% respectively. Alexander et al.

(1987) showed that ammoniation had little effect on the CP content of rapeseed straw.

Reddy and Reddy (1986) reported that the CP content of cotton straw did not increase

when ammoniated with 1.5% ammonia and 15.6% moisture in the straw. Several studies

of ammoniated wheat straw (Kernan et al. 1979; Horton 1981; Birkelo et al. 1987)

reported average increases in CP content with ammoniation to be 180% but improvement
can range from 50% to 280% with the greatest improvement for straws with the lowest

initial value. Increase in CP content varies with conditions of moisture and temperature at

the time of treatment (Sundstel et al. 1978; Horton and Steacy 1979).

CP content of lentil straw had increased 304% after ammoniation. Coxworth et al.

(1981b) found that ammoniation increased CP content of faba bean straw 92% and field

pea straw 91 % to 19% CP and 15.3% CP respectively. These values are similar to the CP

content of ammoniated lentil straw (17.1 %) in this study. The larger increase in CP content

of ammoniated lentil straw compared to other crop residues may be the result of its higher
moisture content since ammonia is found in treated straw largely as the water soluble N14+
ion (Benzing-Purdie and Ripmeester 1987). Ibrahim and Pearce (1983) showed similar

responses in pea straw. N content increased from 0.8% to 2.1 % in that crop residue.
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Gordon and Chesson (1983) found that added N was incorporated in straw as

water soluble ammonium salts, water soluble non-ammonia N and, to a lesser extent, as

water insoluble non-ammonia N. Benzing-Purdie and Ripmeester (1987) showed that less

than half the ammonia incorporated was firmly bound and that Maillard reactants made up

less than 10% of the N incorporated in straw.

Gordon and Chesson (1983) found that the bound N of untreated straw was poorly
digested but the water insoluble N fraction of ammoniated material was readily available.

Dryden and Kempton (1983) found that urinary excretion of N by animals fed untreated

and ammoniated straw was the same. They concluded that the added ammonia was readily
available but N retention is improved only if the animals N balance is low or negative.
However, Males (1987) found that one-half of the added N in ammonia treated straws was

being utilized by the microbes for microbial protein synthesis and is available to the animals

as a protein source. Ammoniated wheat straw, therefore, would have 5.5% available CP,
instead of 8.5% to 9.0% CP usually obtained by chemical analysis.

Horton (1981) and Birkelo et al. (1987) found that NDF content of cereal straws

was reduced 3.3 to 7.8 percentage units after ammoniation. They attributed this change in

cell wall content to solubilization of hemicellulose by ammonia. Gomez-Cabrera and van

der Meer (1988) attributed similar changes to hemicellulose solubilization and also to added

N. These researchers found that the reduction in NDF content was mostly uronic acid

residues from the action of ammonia affecting alkali labile crosslinkages between

hemicellulose and lignin.

Small amounts of NDF of crop residues appeared to be solubilized in this study.
Differences could not be examined statistically since only composite samples were

analyzed. Neutral detergent fiber content of flax straw was reduced 2 percentage units and

wheat chaff 5 percentage units in Year 1. Similarly in Year 2, NDF content of wheat straw

and wheat chaff decreased 7 percentage units and increased 2 percentage units respectively.
Several sources of wheat chaff were used in Year 2. Because chemical composition of

crop residues is highly variable, differences in NDF observed in wheat chaff may not be

due to effects of ammoniation. Neutral detergent fiber content of lentil straw was reduced 7

percentage units by ammoniation, much more than for other legumes reported previously
(Ibrahim and Pearce 1983). Acid detergent fiber and ADL content decreased or was not

changed in these crop residues.
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Horton (1981) found consistent reductions in both NDF and ADF content which

he attributed to solubilization of phenolic material. This differs from other researchers

(Saenger et al. 1983; Birkelo et al. 1987; Mason et al. 1988) who found proportional
increases in ADF and lignin with NDF solubilization.

Less h�micellulose is solubilized by alkali treatment in broadleaf plants. Miller et

al. (1979) found only a 2 percentage unit decrease in hemicellulose which was

accompanied by decreased cellulose content in soy-bean residue ensiled at 50% moisture.

Ibrahim and Pearce (1983) found that NDF content of pea straw decreased from 71.9% to

70.5% but ADF content was unchanged. Kernan et al. (1981) reported that ADF content

increased 4.8 percentage units after ammoniation but NDF content was not recorded.

Reddy and Reddy (1986) found ADF content of cotton straw (15.6% moisture) to

be unchanged by ammoniation and Alexander et al. (1987) found no change in rapeseed
straw with the exception of solubilization of acetyl groups which constituted less than 1 %

DM.

Mueller-Harvey et al. (1986) associated decreases in hemicellulose with

ammoniation to decreases in aromatic compounds in cell wall including peA and FA. It is

known that in Graminaceous cell walls a proportion of these phenolic monomers are linked

via their carboxyl groups to arabinose but that the number of these linkages decrease with

maturity. This may explain the differences in cereal straw between Horton (1981) and

other researchers and between the amount of solubilization of broadleaf and graminaceous
plants.

Effects of ammonia on cell wall content is associated with its effect on digestibility.
Horton (1981) found that the extent of improvement was greatest for straws with high ADF

solubilization. Similarly, Alexander et al. (1987) found little change in digestibility when

rapeseed straw was ammoniated which was associated with little effect on the cell wall

fraction. In Year 1 of the study IVOMD of flax straw and wheat chaff improved 72% and

15% respectively while in Year 2 IVOMD of wheat straw and wheat chaff improved 28%

and 32% respectively. Associated with increased digestibility were decreases in NDF

content of 2 to 7 % units.
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In Year 2, IVOMD of lentil straw was improved only 5% by ammoniation which

was associated with a 7 percentage unit decrease in NDF. However, IVOMD of

ammoniated lentil straw was similar to that recorded by Kernan et al. (1981) for faba bean
.

and field pea straws. Differences in improvement in IV9l\ID associated with solubilization

of hemicellulose between monocotyledonous and dicotyledonous species examined in this

study may be due to differences in cell wall chemistry. Jung and Vogel (1982) and Mowat

et al. (1969) found differences in the effect of lignification on digestibility between these

two types of plants. Dicotyledonous plants had higher lignin content and lower

hemicellulose content. Therefore less of the hemicellulose-lignin linkages in

dicotyledonous plants are alkali labile (Chesson et al. 1983) thus ammonia had a lesser

effect on nutritive value. Alexander et al. (1987) found rapeseed straw lignin to be more

soluble in alkali than cereal straw lignin which may explain the large increase in digestibility
in comparison to lentil straw and the cereal residues with relatively little change in cell wall

content.

Average ash content of flax, wheat and lentil straws and wheat chaff were 2.6,

6.0,.8.8 and 11.1 % respectively. The ash content of wheat chaff was highly variable

between years. Average ash content in Year 1 was 7.7 % compared to 14.6 % in Year 2.

These differences may represent contamination of the forages with soil to different degrees
depending on the harvesting method (e.g. chaff vs wheat straw) or the closeness of the

baler pick-up to the ground in order to bale the straw (e.g. lentil straw).

Calcium and P and trace mineral content of the roughages are presented in Tables

4.1 through 4.3. There were no changes in trace mineral content following ammoniation

so data in Table 4.3 are mean values of untreated and ammoniated analysis. Zinc levels

wre low in all crop residues, while Cu level in flax straw was high in Yearl probably due

to soil contamination. Vitamin E content of crop residues and mineral suplements was low

but sufficient vitamin E should have been provided by the amount of barley supplemented.
Because of low or variable levels of minerals, an adequate mineral supplement must be

provided for crop residue rations. Similarly, adequate leveles of vitamins A, D and E must

be ensured.

The flax straw analysis showed no indication of high prussic acid levels. .

However, since flax may accumulate prussic acid, especially after frost damage, it is

advisable to test the flax prior to ammoniation and feeding. Nitrate content was not

sufficient to present a danger to feeding in any of the crop residues.
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4.2 Cow Maintenance Trial

4.2.1 Experiment 1: 1985·1986

Average daily gain and body condition of cows fed ammoniated flax and wheat

straws and wheat chaff with barley supplement were compared with that of cows fed

bromegrass/alfalfa hay. Cows were weighed and change in body condition of younger

cows was determined by measuring changes in backfat thickness every 28 d.

Mature and younger cows fed hay had the highest ADO (Table 4.4) and the greatest
increase in weight over the 112 d period (Figs. 4.1, 4.2). Of the crop residue rations,
ammoniated flax straw produced the highest ADO followed by ammoniated wheat chaff

and the ammoniated wheat straw and wheat chaff. Trends in weight gain were the same for

older and younger cows.

Mature cows fed ammoniated flax straw, ammoniated wheat chaff or hay gained
twice that recommended for non-lactating gestating beef cows in good condition (Table
4.4) (NRC 1984). Younger cows fed these rations gained an average of 0.96 kg d-l.

These cows were able to meet their own growth requirements as well as those of the

concepta (NRC 1984) and increased body condition excessively (Table 4.4, Fig 4.3).

Both mature cows and younger cows fed the wheat chaff and ammoniated wheat

straw rations had average daily gains similar to those recommended by NRC (1984).
Change in backfat thickness of younger cows fed these rations was not excessive.

Differences in ADO and change in backfat thickness are attributable to differences

in estimated TDN supplied by the ration (Table 4.5; Figs. 4.4, 4.5). Hay supplied the

greatest amount of TDN to both groups of cows followed in order by the ammoniated flax

straw and ammoniated wheat chaff rations, then the wheat chaff and ammoniated wheat

straw rations. The ammoniated flax straw and hay rations provided less TDN to the

younger cows due to corresponding differences in roughage intake. The ammoniated

wheat chaff ration provided more TDN to younger cows than mature because of greater

roughage intake. Differences in ADO and change in body condition between ammoniated

flax straw and ammoniated wheat chaff may reflect the effect of the higher proportion of

ash in the ammoniatedchaff ration and causing the estimated intake of chaff to be incorrect.



l

""'"
r--

Table 4.4 Average daily gain (kg) and change in backfat thickness (mm) of cows plus calf birthweight, 1985-1986 (exp. 1).

NFLAX WHCH NWHCH NWHST HAY Pooled SD

Averag��ai1� gain:
Maturecows 0.91b 0.55d 0.71c 0.56d 1.18a

0.18
Younger cows 0.97b 0.68d 0.76c 0.7Qd 1.1@

Changein Backfat thickness:
Younger cows 4.Qa O.OC 2.1b 1.9b 4.Qa 2.06

Q!lfBirth W�ight:
Maturecows 42.1 40.6 40.1 43.6 35.1

6.48
Younger cows 37.2

!l 41.9 40.6 39.6 35.0

a-d:unlike superscripts indicate significant differences within a row (P<0.05).



140

UO

- 100
ee

.:.:
-

Z 80
-

<
0

60

40

20
=

0

Figure 4.1

• NFLAX

Ell WHen

a NWHCH
NWHST

.. HAY

NOV DEC JAN FEB MAR

Cumulative weight gain of mature cows, 1985-86 (exp. 1).

140

UO

- 100
�

.:.c
'-'

Z 80
"'""

-e
e

60 • NFLAX

Ell WHCH

40 a NWHCH

NWHST

.. HAY
20

0
NOV DEC JAN FEB MAR

Figure 4.2 Cumulative weight gain of younger cows, 1985-86 (exp. 1).

75



76

5

4

-

3e
e
-

� 2CoO
=

NFLAX=
-=
o 1 WHCH
'"'" NWHCH
=

0
NWHST

HAY

·1

·2
NOV DEC JAN FEB MAR

Figure 4.3 Monthly backfat change of younger cows, 1985-86 (exp. 1).

Ration formulation was based on the nutritive value of the ammoniated crop

residues as estimated by chemical composition. Barley was supplemented to bring the

estimated energy level of these rations up to that equivalent to 12 kg d-1of

bromegrass/alfalfa hay.

In order to achieve these objectives, large quantities of barley were necessary. For

example, in the ammoniated flax straw rations, barley contributed 65-73% of TON to both

older and younger groups of cows. Levels of barley in the other crop residue rations of

both mature and younger cows were 63-67% for ammoniated wheat straw, 40-46% for

wheat chaff and 25-31% for ammoniated wheat chaff. Garrett et al. (1976) and Coxworth

et al. (1981a) showed that all effects of ammoniation on improving digestibility of straws

was eliminated when barley made up 65% of the ration. Horton (1978) indicated that the

level of barley at which effects of ammoniation are eliminated was 50% of the ration.

Gomez-Cabrera and van der Meer (1988) found that the digestibility of cell wall was

reduced 10% when the amount of concentrate fed was increased from 2 to 10 kg d-1.

Therefore, in Experiment 1 any effect of ammoniation on energy availability of flax and

wheat straws was eliminated by the high proportion of barley in the ration.

Levels of barley supplementation of 25% to 73% in these rations also limited

roughage intake. Faulkner et al. (1982) found that the intake of ammoniated wheat straw
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by cows was 10.5 kg d-1 compared to 8.8 kg d-1 for untreated straw. This is in

comparison to Males and Gaskins (1982) and Horton et ale (1982) who fed 60%

supplement and found intake of untreated straw to be 5.7 kg d-1 increasing to 7.5 kg d-1

with ammoniation. Horton (1979) found that intake of wheat straw by beef steers fed

rations containing 4.0 kg d-1 concentrate consumed only 2.0 kg d-1 of ammoniated straw

which was not significantly different from intake of untreated straw. Intake of straws

averaged 3.7 kg d-1 in this trial (Table 4.5).

Barley made up a smaller proportion of the two wheat chaff rations. Differences in

proportion of barley between untreated and ammoniated wheat chaff rations were due to a

56% increase in ammoniated chaff intake. Intake of ammoniated wheat chaff was similar to

that of hay. Information is not available on the increased intake by beef cows of chaff after

ammoniation. However, Faulkner et ale (1982) reported intake of wheat straw was

improved approximately 19% by ammoniation. Intake of untreated straw reported by
Faulkner et al. (1982) was 8.8 kg compared to 3.0 kg in the present experiment which may

explain differences in the extent of improvement of intake by ammoniation. Roughage
intake of the remainder of the crop residue rations was low.

There have been few other studies examining the effect of ammoniated crop

residues on gain by cows fed winter maintenance rations with this level of barley
supplementation. Males and Gaskins (1982) reported that DMI of wheat straw ranged
from 5.7 to 7.4 kg d-1 after ammoniation when fed at 40% of the ration. Average daily
gain of the ammoniated wheat straw ration was 0.91 kg d-1. However, Horton (1979)
found that steers fed 4.0 kg concentrate and consuming 2.0 kg of ammoniated straw gained
.55 kg d-1 similar to the ammoniated wheat straw ration in this trial.

Intake of hay by cows in Year 1 averaged 10.1 kg d-1. This amount of hay
produced gains averaging 1.17 kg d-1. This high level of gain indicates that the nuttitive

value of this hay was greater than that required for non-lactating gestating beef cows

entering the wintering period in good condition. If hay is of limited availability it may be

better to reserve it for use during lactation when energy demands are greater and to feed

crop residue rations during the gestation period.

Calf birth weights did not differ significantly between the treatment groups.

Calving ease and calf vigor were also unaffected by treatment.
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Table 4.5 Intake ofDM and estimated TDN intake (kg d-l) of cows fed various crop residue rations, 1985-1986 (exp.1).

NFLAX WHCH NWHCH NWHST HAY

Maturecows:

Roughage DM! 4.6 5.7 7.8 3.8 11.3
BarleyOMI 5.6 3.0 2.4 4.3 0.0
Estimated TDN Intake 5.7 4.5 5.3 4.6 5.8

Younger cows:

Roughage OM! 3.2 II 4.7 10.1 3.0 9.0
BarleyOMI 5.6 3.2 2.3 4.5 0.0
Estimated TDN Intake 5.2 4.3 6.2 4.4 4.6
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1985-86 (exp. 1).

Figure 4.5 Intake of DM and estimated IDN intake of younger cows

1985-86 (exp. 1).
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4.2.2 Experiment 2: 1986·1987

A second winter maintenance trial was conducted using the same rations as in

Experiment 1 with the addition of lentil straw and ammoniated lentil straw treatments.

Barley supplementation was limited to 1.7 kg d-! for both the untreated and ammoniated

wheat chaff and lentil straw rations because of their higher initial nutritive value. Barley
supplementation of ammoniated flax and wheat straw rations was 2.4 kg d-l. Daily feed

allowance for those cows fed the bromegrass/alfalfa hay control ration was limited to 8 kg
d-!.

Restrictions on the level of barley were introduced into the experiment due to the

excessive weight gain and increase in body condition observed in Experiment 1.

Levels of barley supplementation in this experiment were lower than levels of

50-65% which are reported to cause sufficient depression of fiber fermentation to eliminate

any effect of ammoniation on digestibility (Garrett et ale 1976; Coxworth et ale 1981a;
Horton 1978). Therefore, rations in Experiment 2 may reflect the effects of ammoniation.

Average daily gain of mature cows was greatest for the lentil straw ration followed

by cows fed the ammoniated lentil straw and ammoniated wheat chaff rations (Table 4.6).
Cows fed ammoniated flax straw, wheat chaff, ammoniated wheat straw and hay had lower

gains. Gains were similar across these latter rations. Gains were adequate for cows

entering the wintering period in good to excellent condition (NRC 1984).

Initial backfat thickness of the mature cows entering this trial was 9 mm. Backfat

thickness did not change significantly over the wintering period and there were no

differences between treatments (Fig 4.8).

Average daily gain of younger cows was greatest for cows fed hay, ammoniated

wheat straw and both lentil straw rations followed by cows fed the untreated and

ammoniated chaff rations (Table 4.6; Fig 4.7). Average daily gain was least for the

ammoniated flax straw ration. Gains from all rations were adequate for young cows

entering the wintering period in good to excellent condition. Energy content of the diets

were high enough to meet the animals requirements for gain over that of the concepta (NRC
1984).
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Table 4.6 Average daily �ain (kg) and backfat thickness (mm) of cows, 1986-1987 (exp. 2).

NFLAX LENTIL NLENTIL WHCH NWHCH NWHST HAY PooledSD

AveD!� dai):i gain:
Mature cows 0.14c 0.63a 0.40b 0.06c 0.23b 0.19c 0.12c

0.19
Younger cows 0.35c 0.61a 0.69ab 0.42c 0.45bc 0.57a 0.71a

Chang�in Backfat thickness:
Mature cows -0.7 2.3 -0.2 -0.8 1.2 -1.2 -0.8

2.94
Younger cows -1.0 0.9 1.0 -0.3 1.9 0.0 2.4

a-d:unlike superscripts indicate significant differences within a row (P<0.05).
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Initial backfat thickness of the younger cows entering the trial was 6 mm. Backfat

thickness did not change significantly over the wintering period (Fig 4.9).

Differences in ADO generally reflected differences in intake of TON from the

roughage portion of the diet. It is not clear why only low gains were observed in cows fed

alfalfa/bromegrass hay despite high levels of TON. The proportion of barley was held

constant across the crop residue rations except for the ammoniated wheat and flax straw

rations. The latter rations were given higher allowances of barley because of the low

energy value of these crop residues (Table 4.7; Figs 4.10, 4.11).

Intake of straw DM was similar for all crop residue rations for both groups of cows

except for the ammoniated flax straw ration. Intake of crop residues except flax straw was

similar to that of the hay control ration. Because intake of crop residues was similar for the

crop residue rations, differences in availability of energy was responsible for differences in

ADO.

Average daily gain of cows fed ammoniated lentil straw and ammoniated wheat

chaff were greater than for their respective untreated counterparts for both groups of cows.

Mature cows fed untreated lentil straw had higher ADO than those fed ammoniated lentil

straw. The reverse was true in the younger cows. Differences in ADO between untreated

and ammoniated lentil straw and wheat straw were significant for the older cows but not the

younger cows. Contamination of part of the stacks of ammoniated lentil straw may have

been responsible for this. Russian thistle was not consumed by cows and would therefore

affect the estimated TON intake. Lower intake of ammoniated flax straw is reflected in

lower ADO and a trend towards loss of condition despite a large proportion of barley in the

ration.

Average daily gain of mature cows fed either chaff rations was lower than that of

the younger cows. The reason for this is not clear but may have been due to differences in

level of ash in the chaff. Mature cows were fed after the younger cows which my have

caused increased ash cotnent in the mature cows ration due to sifting of the heavier ash.

Both ADO and straw intake of crop residue rations in this experiment, with the

exception of the ammoniated flax straw rations were similar to those observed by Faulkner

et al. (1982). This researcher found intake of untreated straw to be 8.8 kg d-l which

increased to 10.5 kg d-! after ammoniation. Average daily gain of cows fed untreated
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Table 4.7 Intake of OM and estimated TON intake (kg d-1) of cows fed various crop residue rations, 1986-1987 (exp. 2).

NFLAX LENTIL NLENTIL WHCH NWHCH NWHST HAY

Maturecows:

Roughage OM! 6.1 8.3 8.8 8.2 7.7 8.1 8.2
BarleyOMI 2.4 1.7 1.7 1.7 1.7 2.4 0.0
Estimated TON Intake 3.5 5.4 6.3 4.9 4.3 4.9 5.0

YQun�ercows:

Roughage OM! 4.5 7.5 8.8 7.9 7.9 8.6 8.7
BarleyOMI 2.4 1.7 1.7 1.7 1.7 2.4 0.0
Estimated TON Intake 3.0 5.0 6.3 4.7 4.4 5.1 5.3

I
!
�

II
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1986-87 (exp. 2).
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straw and 3.18 kg d-1 of alfalfa/bromegrass hay were 0.12 kg d-1 which increases to 0.40

kg d-1 when straw was ammoniated. Saenger et al. (1983) fed ammoniated wheat straw

with 0.91 kg of corn and compared ADG of cows fed a ration made isonitrogenous and

isoenergtic with the ammoniated wheat straw ration. Those cows fed soybean meal and

untreated straw lost 0.45 kg d-1 while those fed ammoniated wheat straw and com lost

only .08 kg d-1. Visual condition score was reduced 0.53 in untreated wheat straw but only
0.02 with ammoniated wheat straw rations.

4.3 Digestibility and voluntary intake

4.3.1 Experiment 3: 1985·1986

The effect of ammoniation on the digestibility and voluntary intake of crop residues

was studied using steers.

In vitro organic matter digestibility of untreated flax straw was 36.4% which was

greater than 25% IVOMD which has been reported for rapeseed straw (Alexander et al.

1987). In vitro organic matter digestibility of untreated wheat chaff was similar to that

reported by Kernan et al. (1981a). In vitro organic matter digestibility was improved 25%

for flax straw and 28% for wheat chaff from before to after ammoniation. Kernan et ale

(1981a) reported that IVDOM of wheat chaff was improved 33% by ammoniation.

McManus (1978) found IVDMD of oat hulls treated with 1.5% aqueous ammonia to

increase 19% from 40.3% DM.

IVVOMD of flax straw and wheat chaff rations was improved 72% and 15%

respectively due to ammoniation. In vivo organic matter digestibility of ammoniated flax

straw and ammoniated wheat chaff was similar to that of the hay control ration.

Few reports are available on the effects of ammoniation on in vivo digestibility of

non-legume dicotyledonous straws. Conner (1985) found that IVVOMD of cotton straw

was unaffected by ammonia treatment. Coombe et al. (1985) treated rapeseed straw with

7% NaOH for 60 weeks and fed it in 95% straw rations. In vivo organic matter

digestibility increased from 33.9% to 45.6%. Sodium hydroxide increased energy

availability as indicated by increased total VFA and proprionate concentrations in the

rumen. The greater response to ammonia by flax straw in
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Figure 4.12 Effect of ammoniation on OMD, 1985-86 (exp. 3).

this experiment (Table 4.8) was unexpected because its lower hemicellulose content would

indicate lower response to ammonia treatment. In addition, arabinose content of

dicotyledonous straw hemicellulose, the point of attachment of alkali labile hemicellulose

lignin linkages (Chesson et al. 1983), is low (Alexander et al).

However, improvement might be explained by greater solubility of lignin by alkali.

There were small reductions in ADF and ADL content of flax straw after ammoniation in

this study. Alexander et al. (1987) found that lignin of rapeseed straw was more

susceptible than expected to solubilization by alkali under laboratory conditions. The

response observed by Coombe et al. (1985) indicates that the alkali conditions must be

fairly harsh to bring about this response in rapeseed straw. There are no reports in the

literature on the effects of alkali treatment on lignin of flax straw.

IVVOMD of wheat straw was unaffected by chemical treatment. Lack of response

to ammonia treatment by wheat straw might be attributed to low moisture content. At time

of ammoniation which was 15% in comparison to greater than 20% for wheat chaff and

flax straw. Error in sampling of uneven distribution of moisture in the stack may have

resulted in errors in estimation of moisture content at time of ammoniation. During
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Figure 4.13 Effect of ammoniation on cell wall digestibility (CWD),
1985-86 (exp. 3).

ammoniation, plastic on the wheat straw billowed, indicative of moisture content below

10% (Kernan personal communication).

Increased IVVOMD of flax straw and wheat chaff due to ammoniation can be

attributed to increased digestibility of the cell wall component (Table 4.8, Fig 4.13).

Digestibility of NDF was significantly improved by ammoniation. Digestibility of the fiber

component was greater for all ammoniated forages but the differences were not significant

except for neutral detergent fiber digestibility (NDFD) and acid detergent fiber digestibility
(ADFD) of flax straw and ADFD of wheat straw. Neutral detergent fiber digestibility and

ADFD of flax straw improved 38.5 percentage units and 34 percentage units. Ben

Ghedalia et al. (1983) showed that cell wall digestibility of cotton plant residue increased

from 27% to 42% accompanied by increases of 60% to 64% in IVVOMD after NaOH

treatment.

Digestibility may have increased further with increased duration of the curing period
since temperatures at the time of treatment were less than optimum.
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Table 4.8. Digestibility of crop residues (100 %DM) by beef steers, 1985-1986 (exp. 3).

NOMD NOOM NVOMD NVOOM NDFD ADFD
Cropresidue % g kg-l % gkg-l % %

FLAX 36.4 352 33.9a 328a -0.6a 9.9a
NFLAX 47.5 463 58.4cd 569C 37.9b 43.9b

WHCH 39.2 363 55.3c 512bc 46.3bc 42.0b
NWHCH 50.5 11465 63.5d 584c 56.6c 50.7b

WHST 43.3 410 42.6b 403ab 9.4a 8.7a
NWHST 44.8 426 41.7b 396ab 13.9a 15.3b

HAY 68.8 628 62.OCd 56&: 50.2bc 43.1b

PooledSD - - 2.05 6.32 2.29 2.34

a-d:unlike superscripts indicate significant differences within the same column (P<0.05).
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IVVOMD was generally greater than NOMD indicating that retention time in the

rumen was high despite increased degradability (Fig 4.12). The relationship between

IVOMD and IVVOMD in crop residues is in contrast to the hay control ration where

IVOMD was greater than IVVOMD. Similar results were found by Gomez-Cabrera and

van der Meer (1988) and Dryden and Kempton (1983). In those experiments, rate of

degradation was similar for the two techniques but the lag time before digestion was

initiated was greater in the in vitro procedure in comparison to the in vivo procedure.
This probably reflects the effect of mastication on degradation of highly lignified material

since microbes have been shown to attach only at cut edges and fractured sites on the cell

wall of this material (Bhat et al. 1988).

IVVOMD may also have been elevated because of low intake of the crop residues

by steers (Table 4.9). While voluntary intake of flax straw and wheat chaff were improved
by ammoniation, intake was low in comparison to reports in the literature. Coombe et al.

(1985) found that intake of rapeseed straw treated with NaOH increased from 30.9 g kg
BW-O.75 to 60.0 g kg BW-O.75. Reddy and Reddy (1986) found that, while ammoniation

did not increase digestibility, dry matter intake (% body weight (BWT» increased

significantly from 2.45% to 2.75%. Intake of flax straw in this trial improved from 1.9%

BWT to 3.1 % BWT. Herrera-Saldana et al. (1982) reported that dry matter intake of wheat

straw increased from 62.9 g kg BW-O·75 to 71.2 g kg BW-O.75 after ammoniation.

In addition to reduced lag time, increased potential digestibility should also improve
intake by improving the fermentation conditions in the rumen (Silva and 0rskov 1988).
Coombe et al. (1985) found that the rate of digestion was increased after NaOH treatment

but Gomez-Cabrera and van der Meer (1988) and Dryden and Kempton (1983) found rate

of digestion to be unaffected by ammonia treatment.

Other factors affecting differences in IVOMD and NVOMD may have been

variability in the crop residue itself as the NOMD was determined from a different sample
of crop residue than NVOMD.

4.3.2 Experiment 4: 1986-1987

A similar trial was carried out in Year 2 of the study with the addition of untreated

and annnoniated lentil straw treatments. In vitro organic matter digestibility was improved
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16%,6% and 27% for flax straw, lentil straw and wheat straw respectively (Table 4.10,

Fig 4.14). Increase in IVOMD of flax straw was less than in Year 1 of the trial despite
higher moisture levels (Tables 4.1, 4.2). This may be due to the higher lignin content of

flax straw used in Experiment 4 or due to lower ambient temperature at the time of

ammoniation affecting the rate of chemical reaction. In vitro organic matter digestibility of

lentil straw improved by levels similar to those found for faba bean
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Table 4.9 Dry matter intake (g kg-O·75) of crop residue rations (exp. 3, expo 4)

1985-1986 1986-1987
Intakej SD

30.9 4.77

35.5 10.06

67.6 10.66
75.8 9.06

77.2 18.00

81.0 14.54

46.0 9.95
**

69.2 4.95

109.7 2.41

Cropresidue Intake+ SD

FLAX

NFLAX

32.5 3.65

4.2543.9
**

LENTIL
NLENTIL

WHCH

NWHCH

38.3 2.24
**

48.6 3.07

35.9 2.69

34.3 2.56

49.2 2.04

WHST

NWHST

HAY

t:fedwith 2 kg clover hay and 1 kg dairy concentrate (FLAX, NFLAX, WHST, NWHSn, 1 kg dairy concentrate (WHCH, NWHCH) or alone (HAY).
i:allrations except HAY fed with 1 kg alfalfa pellets.
**=P<O.Ol

II
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Table 4.10 Digestibility of crop residues (100% DM) by beef steers, 1986-1987 (exp. 4).

Cropresidue WOMD IVDOM NVOMD IVVDOM NDFD ADFD
% g kg-l % gkg-l % %

--

FLAX 39.2 383 64.2a 626d 62.8ab 24.6c
NFLAX 45.5 446 65.2a 64()d 68.3a 33.2cd

LENTIL 50.1 457 44.5dc 4063b 44.9de 33.5bc
NLENTll.. 53.3 486 51.6ac 47000 48.5cde ss.s=

WHCH 44.7 436 37.8d 332ab 34.8f 24.6c
NWHCH 41.5 342 50.0bc 417ab 50.3cde 41.9ab

WHST 33.5 313 40.Qd 317ab 45.5cde 36.8abI
NWHST 42.4 395 51.0bc 474bc 56.6abcd 50.3a;I;;1
il

�IHAY 71.5 670 61.7ab 597cd 57.3abc 45.2ab
!

PooledSD - - 3.94 5.87 4.27 5.58

a-f:unlike superscripts indicate significant differences with the same column (P<0.05).
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Figure 4.14 Effect of ammoniation on OMD, 1986-87 (exp. 4).

(Kernan et al. 1981b) and field pea (Kernan et al. 1981b; Ibrahim and Pearce

1983) crop residues. McManus (1978) found that IVDMD of legume straws were not

improved by ammoniation (1.5% aqueous ammonia) under normal conditions but that

improvement averaged 27% when 1300C temperature was applied for 4h. In vitro organic
matter digestibility of wheat straw improved by levels similar to those reported in the

literature. Males (1987) summarized reports of in vitro digestibility of wheat straw since

1977. In 10 trials the increase in IVOMD after ammoniation averaged 32.5%.

In vitro organic matter digestibility of the ammoniated straws did not approach the

IVOMD of the hay control ration. In vitro organic matter digestibility of wheat chaff was

not improved by ammoniation but IVVOMD was. These results may be due to high levels

of ash affecting the in vitro fermentation.

In vivo organic matter digestibility of wheat chaff and wheat straw was improved
32% and 28% respectively by ammoniation. Males (1987) summarized reports in the

literature since 1977 of digestibility of wheat straw. When ammonia was added at 2% to

7%DM, IVVDMD increased an average of 11% in 23 reports while IVVOMD improved an

average of 8.5% in 4 reports.
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Figure 4.15 Effect of ammoniation on cell wall digestibility (CWD),
1985-86_(exp.3).

In vivo organic matter digestibility of flax straw was not improved by ammoniation

in this trial. In vivo organic matter digestibility was much higher than the value for

IVOMD. These results may be due to limited intake of flax straw (Table 4.9, Fig. 4.14) in

the digestibility trial which would limit flow of digesta and increase extent of digestion.

In vivo organic matter digestibility of lentil straw was improved 16% but this

increase was not significant since there was a high degree of variability between steers

(Table 4.9). Miller et al. (1979) found that IVVDMD of soybean residue ensiled (50%
DM) with ammonia increased 7% to 28.2%. NaOH treatment of soybean stover, when fed

with 33% alfalfa supplement to overcome N deficiency, improved in situ DMD 26% and

29% in two experiments (Soofi et al. 1982)

Improvements in IVOMD and IVVOMD can be attributed to improvements in

digestibility of the fiber components of the ration. Neutral detergent fiber digestibility and

ADFD of wheat chaff were improved 45% and 70% respectively by ammoniation (Table

4.10). Neutral detergent fiber digestibility and ADFD of wheat straw improved 24% and

37% but the differences were not significant. Several researchers have reported improved
digestibility of cell wall fractions of wheat straw after it was ammoniated. Neutral
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detergent fiber digestibility improved from 16% to 59% and ADFD improved from 10% to

38.9% (Horton 1981; Saenger et ale 1983; Birkelo et ale 1987). Improvement in fiber

digestibility is due to improved availability rather than the effect of supplemental nitrogen.
Herrera-Saldana et ale (1983) reported that NDFD of wheat straw was significantly
improved after ammoniation but not when untreated straw was supplemented with fish

meal.

Digestibility of the fiber component of lentil and flax straws was not improved
significantly (Table 4.10). Neutral detergent fiber digestibility improved 8% and ADFD

improved 6% for lentil straw and 9% and 35% respectively for flax straw. Differences

were not significant since there was a high degree of variability in the sample. Miller et ale

(1979) found that NDFD and ADFD of ammonia ensiled-soybean stover was not improved
and averaged 24%. These researchers found that a high level of NDF was leached during
ensiling leaving behind a less digestible fraction. McManus (1978) found that in vitro cell

wall organic matter digestibility was 52.4% and in vitro ADFD was 40.7% for alfalfa

straw.

There is a basic difference in the effect of lignin on digestibility between

monocotyledonous and dicotyledonous crop residues (Dehority and Johnson 1962) and of

the effect of ammonia on these crop residues. Coxworth et ale (1981b) concluded that

monocotyledonous straws were lower in nutritive value than leguminous dicotyledonous
straws despite lower lignin levels and that the only materials that responded significantly to

ammonia treatment were annual cereal straws.

Differences in quality and responses to ammoniation between broadleaf plants and

grasses may be due to differences in chemical composition. There is less hemicellulose

found in broadleaf plants and the hemicellulose of these plants has a lower degree of

branching (Alexander et ale 1987). The lower degree of branching is indicative of fewer

glycoside bonds between hemicellulose and lignin (Brice and Morrison 1982). While

grasses have relatively numerous alkali labile linkages to arabinose sidechains, legumes
have fewer arabinose linkages and more non-alkali labile xylose linkages (Chesson et ale

1983).

Alkali resistant linkages between lignin and polysaccharides set the upper limit of

improvement by ammoniation of straw (Chesson 1981). There are small numbers of alkali

resistant linkages in monocotyledonous straw since they don't limit digestion to any great
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extent after alkali-labile linkages have been cleaved. In contrast, dicotyledonous plants
have high numbers of alkali resistant linkages and are relatively unaffected by alkali

(Hartley 1981). However, the lignified core

of non-leguminous, dicotyledonous plants may be more susceptible to internal alkaline

hydrolysis than monocotyledonous straws and digestibility may improve due to lignin
removal (Alexander et ale 1987).

IVVOMD was generally greater than NOMD, probably because mastication

reduced the lag time before microbial degradation was initiated (Gomez-Cabrera and van

der Meer 1988; Dryden and Kempton 1983).

Intake of wheat straw was improved significantly.by ammoniation from 45.5 g kg
BW-O.75 to 69.2 g kg BW-O.75 This level of intake is similar to that reported by Birkelo et

ale (1987) and Herrera-Saldana et ale (1982). Horton and Steacy 1979) found that

ammoniation increased intake of 9 varieties of wheat, oat, and barley straws 3% to 33%.

Average intake of wheat straw improved 27%. Intake of steers fed ammoniated wheat

straw with little or no supplement was 71.2 g kg BW-O.75 (Herrera-Saldana et ale 1982)
and 55.0 g kg BW-O.75. Intake of ammoniated wheat straw was only 30.6 g kg BW-O.75

when 50% concentrate was fed (Horton 1978). Limited intake of other crop residues may

have resulted from influences such as failure of ammoniation, previous diet of steers or

differences in supplementation between years.

Ammoniation improved the feeding value of wheat straw by improving digestibility
and voluntary intake. Digestibility but not voluntary intake of wheat chaff was improved
by ammoniation. Digestibility of lentil straw was improved to a lesser extent Digestibility
and voluntary intake of flax straw was not improved by ammoniation.
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$.0 GENERAL DISCJJSSION

Responses of flax straw, wheat chaff, lentil straw and wheat straw to ammoniation

were determined by examining the effect of ammonia on chemical

composition,digestibility, voluntary intake and usefulness of crop residues in winter

maintenance rations of non-lactating, gestating beef cows.

Responses were variable between years. As indicated by improvements in

IVOMD, IVVOMD, NDFD and ADFD, flax straw and wheat chaff were improved in

nutritive value in Year 1. IVVOMD but not IVOMD of ammoniated flax straw and

ammoniated wheat chaff were similar to the hay control rati_.2n. This might have resulted

from low intake during the steer intake and digestibility trial.

Similarly, improved IVOMD, IVVOMD, NDFD and ADFD indicated the nutritive

value of wheat chaff and wheat straw were improved by ammoniation in Year 2. IVOMD

but not IVVOMD of flax straw was improved. Lack of response as measured by IVVOMD

may be due to low intake by steers during the digestibility trial. IVOMD of flax straw was

improved by only half the proportion that observed in Year 1. Nutritive value of lentil

straw was not improved significantly by ammoniation.

Improvement in CP content of crop residues was similar from year to year of the

study. Improvement did not appear to be related to effectiveness of treatment

Variability in response to ammoniation by crop residues was reflected in their

usefulness in the winter maintenance rations for non-lactating, gestating beef cows. This

response was difficult to evaluate in Year 1 because the amount of supplemental barley in

the rations was great enough to eliminate the effects of ammoniation on nutritive value of

crop residues. However, intake of wheat chaff was improved from before to after

ammoniation and this was reflected in ADO and change in body condition of cows fed

these rations.

In Year 2 the usefulness of lentil straw in maintenance rations of beef cows did not

appear to improve greatly from before to after ammoniation as indicated by lack of

differences in intake, ADO and body condition between cows fed untreated and

ammoniated lentil straw. Average daily gain of younger, but not mature, cows was
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significantly improved indicating some increased energy availability in ammoniated lentil

straw. Limited ADO of mature cows may have been due to limited intake of lentil straw

because of contamination with Russian thistle. Portions of the stack contained up to 50%

Russina thistle per bale. Average daily gain but not intake of wheat chaff was improved
from before to after ammoniation indicating greater energy availability after ammoniation.

It was difficult to determine the usefulness of flax straw in maintenance rations. In

Year 1, the effects of ammoniation were eliminated due to excessive barley supplementation
but results from the digestibility trial suggested that improvements occurred in response to

application of ammonia. In Year 2 of the trial, lack of response to ammoniation by flax

straw was indicated by its lack of effect in the intake and digestibility trial and this was

reflected in the maintenance trial by low intakes, ADO and a trend towards reduced body
condition.

Variability in response to ammoniation from year to year appeared to be associated
-

with differences in moisture content of the straw at the time of ammoniation. Analysis at

that time indicated adequate moisture, but errors in sampling procedures or drying of the

stack between sampling and treatment may have occurred.

The success of the ammoniation procedure is a function of the ambient conditions,

primarily straw moisture content and temperature, at the time of ammoniation. These

conditions are beyond the control of the farmer and result in variable responses in nutritive

value of crop residues in response to ammonia treatment. Inconsistency in the results of

ammoniation has led to disillusionment with the procedure by some farmers (Ibbotson et al.

1986).

To gain greater and more consistent response in nutritive value of crop residues

with the ammoniation procedure, it may be beneficial to change the time of ammoniation

from fall after harvest to the following spring. There would be two major advantages to

this change in procedure.

The first advantage is that farmers could take advantage of conditions more

conducive to successful ammoniation. First, there would be accumulated moisture in the

stack from any snow melt or spring rainfall or additional moisture could be added without

fear of feeding difficulty due to frozen bales (Horton 1978). Second, the farmer could take

advantage of the increasing ambient temperature of the season and an effectively unlimited
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curing period. With fall treatment the mean temperature falls and the period required for

curing increases. However, the period between harvest and the time when average

temperature falls below ()OC causing the reaction to stop is normally short in Saskatchewan.

Thus even if crop residues are ammoniated early in the fall, ambient temperature is likely to

be too low for optimum treatment.

Leaving the stacks of crop residues exposed and untreated is likely to reduce their

nutritive value due to leaching of the soluble material (Kjos et al. 1986). However, this

reduction in nutritional value may be recovered by ammoniation due to the trend towards

greater improvement in quality of crop residues with lower initial value (Kernan et al.

1981a; Horton 1981).

The second major advantage of ammoniating in the spring instead of the fall would

be the ability of the farmer to supplement his feed inventory. Coxworth et al. (1981a)
noted that an advantage to ammoniation of crop residues would be their usefulness as

emergency feeds in times of low forage availability. However, in periods of low forage
availability, crop residues are not available either. By ammoniating straw, the farmer could

accumulate straw as emergency feed stores in times of abundant crop residue availability
and could take advantage of the added nutritional value of ammoniation when conducted

under optimum conditions.

There was also variability in response to ammoniation between type of crop residue

treated. Untreated flax straw was lower in initial nutritive value than other crop residues.

Acid detergent lignin content of flax straw was highest of all the crop residues examined

averaging 11.7%. The response of flax straw to ammoniation during Year 1 was

unexpectedly high and was greater than responses reported in the literature for similar crop

residues such as rapeseed straw (Alexander et al. 1987) and cotton straw (Conner and

Richardson 1987; Reddy and Reddy 1986) and expected from differences in chemical

composition between flax straw and wheat straw (Chesson et al. 1983; Alexander et al.

1987; Brice and Morrison 1982). However, response to ammonia may be due to greater

solubility of the lignin component of flax straw than to the number of alkali labile linkages
in the lignohemicellulosic matrix (Alexander et al. 1987). Several research groups (Conner
and Richardson 1987; Coombe et al. 1985; Ben-Ghedalia et al. 1983; McManus 1978)
have found that greater responses appear to occur with stronger alkali treatment.
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However, after ammoniation nutritive value of flax straw was similar only to that of

untreated wheat straw. Therefore, the energy supplementation of ammoniated flax straw

required to meet the nutrient requirements for maintenance of beef cows may constitute

greater than 50% of the ration and therefore eliminate the effect of ammoniation on fiber

digestibility. If this level of supplementation is required, then ammoniation would be

uneconomical in comparison to simple urea supplementation.

Response of flax straw to chemical treatment may be greater where oxidizing
chemicals such as 03, S02 and alkaline H202 (AHP) are employed. The existance of

chemical and structural differences determine the response of a given type of lignocellulose
to a certain treatment. Thus, while cereal straws respond well to alkali treatments,

lignocelluloses from dicotyledonous plants are practically unaffected by NaOH treatment

(Ben-Ghedalia et al. 1983).

Cell walls of dicotyledonous lignocelluloses are high in core lignin. This

component is sensitive to oxidation and it is expected that partial degradation of lignin
would open up the cell walls for the cellulolytic action of rumen micro-organisms. Ozone

has been shown to reduce lignin content 50% (Ben-Ghedalia et al. 1980; 1983). Ben

Ghedalia et al. (1983) showed that IVVOMD of cotton straw as 50% of the ration was

improved from 30.0% to 60.8% in comparison to 39.6% for NaOH treatment of cotton

straw. This means that ozone increased IVVOMD of cotton straw by 100% compared to

NaOH by 32% only and that these improvements were retained in diets containing 50%

concentrate. Conner and Richardson (1987) reviewed reports in the literature. The studies

indicated that the degree of improvement in digestibility of cotton straw is related to severity
of chemical treatment. The chemical treatments could be ranked in order of potential
improvement offered with ozone giving the greatest response followed by S02 treatment.

Alexander et al, (1987) showed that SQz, 03 and AHP selectively degraded phenolic
material of rapeseed straw without modifying the carbohydrate component. The

degradability of ozone treated straw was substantially increased whereas SOz treatment had

a lesser effect and AHP was largely ineffective. However, there are problems associated

with the use of these chemicals. For instance, 03 is much too expensive to generate to be

viable in large scale treatment

Lentil straw was greater in nutritive value than the other crop residues. The

response of lentil straw was also less than that observed in the other crop residues. Similar



103

results have been observed by other researchers (Kernan et al. 1981b) and may be the

result of differences in the content of alkali labile linkages in the lignohemicellulosic matrix

of dicotyledonous plants (Jung and Vogel 1986; Chesson et al. 1983). The level of

response in nutritive value of lentil straw to treatment with ammonia may be insufficient to

make ammonia treatment economical. In addition, the relatively higher nutritive value may
make any chemical treatment uneconomical.
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6.0 CONCLUSIONS

Chemical composition and IVOMD of flax straw, wheat chaff, lentil straw and

wheat straw indicate that lentil straw has the highest nutritive value of the crop residues

examined because of higher IVOMD and CP and lower levels of cell wall despite higher
ADL content. Similarly, flax straw had the lowest nutritive value due to low IVOMD and

CP and high ADL levels. Wheat chaff and wheat straw had similar cell wall content but

wheat chaff was higher in nutritive value because of higher levels of CP and lower levels of

ADL.

The effect of ammoniation on improving the nutritive value of flax straw, wheat

chaff, lentil straw and wheat straw were examined. Changes in chemical composition and

improvements in in vitro and in vivo digestibility and voluntary intake by steers indicate

that flax straw, wheat chaff, wheat straw and lentil straw can be improved by ammoniation

but that responses are variable.

Responses may be variable from year to year due to differences in the ambient

conditions, particularly residue moisture content and ambient temperature, at the time of

treatment. More research is necessary to identify practices to optimize conditions at the

time of treatment if ammoniation is to continue to be used successfully to upgrade the

nutritive value of low quality crop residues.

Flax straw was improved by ammoniation in Year 1 of the study by levels similar to

improvements seen for wheat straw in the literature. However, the nutritive value of flax

straw after treatment was similar only to that of untreated wheat straw. More research is

required to determine the effect of oxidizing chemicals such as OJ, S02 and AHP as well as

stronger alkalis on the solubilization of the lignin component of such non-leguminous,
dicotyledonous straws such as rapeseed straw and flax straw before large scale feeding
trials are conducted

The nutritive value of lentil straw was not improved significantly by ammoniation.

Responses were similar to those reported for other annual legume residues in the literature

(Kernan et al. 1981b). More research is necessary to determine the whether the extent of

improvement due to ammoniation is enough to justify economically the ammoniation of

annual legume straws.
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Ammoniated flax straw, wheat chaff, ammoniated wheat chaff and ammoniated

wheat straw when supplemented with barley were useful as maintenance rations for non

lactating, gestating beef cows entering the wintering period in good condition.

=
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Table A.l Mean monthly weight (kg) and standard deviation of beef cows, 1985-1986 (exp. 1).

NOV 15 II DEC 18 JAN 13 FEB 10 MAR?

Maturecows:

NFLAX 596 ± 57.0 599 ± 60.8 616 ± 57.7 644 ± 53.4 649 ± 65.8
WHCH 555 ± 23.8 592 ± 25.3 591 ± 27.5 584 ± 26.7 577 ± 25.0
NWHCH 578 ± 73.1 623 ± 73.3 627 ± 73.1 645 ± 75.9 657 ± 71.9
NWHST 570 ± 16.3 588 ± 53.4 600 ± 54.5 606 ± 60.0 622 ± 56.8 (-r')

HAY 554 ± 76.7 620 ± 84.4 632 ± 84.6 659 ± 26.2 686 ± 90.2 N
-

Youngercows:

NFLAX 477 ± 41.4 537 ± 40.7 546 ± 14.6 573 ± 47.9 586 ± 47.6
WHCH 457 ± 34.0 498 ± 38.5 505 ± 39.8 508 ± 45.3 520 ± 49.0
NWHCH 507 ± 32.1 565 ± 33.1 577 ± 32.4 596 ± 30.0 592 ± 41.0
NWHST 496 ± 45.5 531 ± 44.3 549 ± 48.5 564 ± 45.3 575 ± 52.5
HAY 485 ± 39.8 542 ± 43.3 557 ± 43.4 581 ± 52.3 615 ± 48.1



Table A.2 Mean monthly ADO (kg) and standard deviation of beef cows, 1985-1986 (exp. 1).

NOV-DEC DEC-JAN JAN-FEB FEB-MAR NOV-MAR

Maturecows:

NFLAX 1.6 ± 0.41 0.6 ± 0.28 0.7 ± 0.36 0.2 ± 0.95 0.8 ± 0.30
WHCH 1.1 ± 0.25 0.0 ± 0.31 0.6 ± 0.31 -0.1 ± 1.29 0.4 ± 0.16
NWHCH 1.4 ± 0.38 0.2 ± 0.33 0.6 ± 0.24 0.5 ± 0.43 0.7 ± 0.15
NWHST 0.6 ± 0.54 0.4 ± 0.38 0.2 ± 0.32 0.7 ± 0.59 0.5 ± 0.23 �

HAY 2.0 ± 0.43 0.5 ± 0.22 1.0 ± 0.45 1.1 ± 0.37 1.2 ± 0.13 N
-

Youngercows:
II

NFLAX 1.8 ± 0.31 0.4 ± 0.25 1.0 ± 0.35 0.5 ± 0.37 1.0 ± 0.15
WHCH 0.9 ± 0.26 0.3 ± 0.22 0.4 ± 0.44 0.6 ± 0.35 0.7 ± 0.18
NWHCH 1.8 ± 0.36 0.5 ± 0.36 0.7 ± 0.33 0.3 ± 0.95 0.8 ± 0.30
NWHST 1.0 ± 0.32 0.7 ± 0.27 0.5 ± 0.38 0.5 ± 0.55 0.7 ± 0.13
HAY 1.7 ± 0.26 0.6 ± 0.23 0.9 ± 0.57 1.4 ± 0.56 1.2 ± 0.13



Table A.3 Mean monthly backfat (mm) and standard deviation of beef cows, 1985-1986 (exp. 1).

NaVIS DEC 18 JAN 13 FEB 10 MAR 7

Youngercows:

NFLAX 4 ±1.7 5 ± 2.1 7 ± 3.2 8 ± 3.9 8 ± 3.9
WHCH 4± 1.9 5 ± 1.8 5 ±2.0 5 ±2.6 4±2.7
NWHCH 4± 1.4 5 ± 1.7 6 ± 1.9 6 ± 1.8 7 ± 2.5
NWHST 4±2.0 5 ± 1.7 6± 1.8 6 ± 1.8 6 ± 2.7
HAY 5 ± 1.2 5 ± 2.1 7± 2.2 8±2.6 9±2.9

V)
N
�

Table A.4 Mean monthly backfat change (mm) and standard deviation of beef cows, 1985-1986 (exp. 1).

NOV-DEC DEC-JAN JAN-FEB FEB-MAR NOV-MAR

YQun�r�owS:
NFLAX 2±0.3 1 ± 1.6 1 ± 3.7 0±3.2 4±2.9
WHCH 1 ± 1.0 0±7.4 o ± 1.7 -2 ± 3.3 -1 ± 0.7
NWHCH 1 ± 1.1 1 ± 1.8 o ± 1.7 O± 1.0 2±2.0
NWHST 1 ± 2.0 1 ± 1.7 o ± 1.8 O± 1.8 2±2.1
HAY 1 ± 1.3 2 ± 1.3 1 ± 1.1 O± 1.1 4± 1.9

l II



Table A.5 Mean monthly weight (kg) and standard deviation of beef cows, 1986-1987 (exp. 2).

NOV 13 DEC 10 JAN 7 FEB 3

Maturecows:

NFLAX 606 ± 67.7 597 ± 63.4 608 ± 60.6 617 ± 67.6
LENTll.. 574 ± 75.3 597 ± 78.4 613 ± 76.5 626 ± 78.6
NLENTIL 615 ± 55.1 618 ± 54.3 632 ± 49.1 648 ± 52.1
WHCH 602 ± 44.8 601 ± 49.3 622 ± 49.5 608 ± 48.0 \0

NWHCH 615 ± 64.0 618 ± 61.8 639 ± 63.7 634 ± 61.7 C"l

NWHST 608 ± 56.8 604 ± 54.3 616 ± 58.5 624 ± 57.4
.-4

HAY 609 ± 59.1 613 ± 55.3 617 ± 58.4 620 ± 59.2

Youngercows:

NFLAX 514 ± 43.8 538 ± 41.3 539 ± 35.4 544 ± 33.0
LENTll. 525 ± 42.5 536 ± 37.3 551 ± 41.5 575 ± 42.7
NLENTll. 531 ± 40.1 Ii 548 ± 35.1 562 ± 42.4 588 ± 42.0
WHCH 537 ± 45.0 556 ± 47.5 576 ± 47.8 571 ± 50.4
NWHCH 535 ± 49.4 545 ± 44.7 579 ±46.6 572 ± 43.4
NWHST 527 ± 59.7 546 ± 61.4 581 ± 61.9 574 ± 66.4
HAY 501 ± 44.3 521 ± 44.8 529 ± 42.7 559 ± 46.5



Table A.6 Mean monthly ADO (kg) and standard deviation of beef cows, 1986-1987 (exp. 2).

NOV-DEC DEC-JAN JAN-FEB NOV-FEB

Maturecows:

NFLAX -0.3 ± 1.41 0.4 ± 1.20 0.3 ± 0.64 0.1 ± 0.36
LENTIL 0.9 ± 0.40. 0.6 ± 0 .. 8 0.5 ± 0.29 0.6 ± 0.17
NLENTll.. 0.1± 0.48 0.5 ± 0.40 0.6 ± 0.42 0.4 ± 0.15 r-

WHCH 0.0 ± 0.79 0.7 ± 0.50 -0.5 ± 0.25 0.6 ± 0.29 C'I

NWHCH 0.1 ± 0.26 0.8 ± 0.25 -0.2 ± 0.28 0.2 ± 0.16
-

NWHST -0.2 ± 0.39 0.4 ± 0.50 0.3 ± 0.41 0.2 ± 0.16
HAY 0.2 ± 0.32 0.1 ± 0.38 0.1 ± 0.24 0.2 ± 0.15

Youngercows:

NFLAX 0.9 ± 0.39 0.0 ± 0.23 0.2 ± 0.3 0.4 ± 0.17
LENTIL 0.4 ± 0.41 0.5 ± 0.32 0.9 ± 0.4 0.6 ± 0.14
NLENTIL 0.6 ± 0.30 0.5 ± 0.32 1.0 ± 0.3 0.7 ± 0.15
WHCH 0.7 ± 0.46 0.7 ± 0.29 -0.2 ± 0.3 0.4 ± 0.20
NWHCH 0.4 ± 0.31 1.2 ± 0.30 -0.3 ± 0.4 0.5 ± 0.22
NWHST 0.7 ± 0.47 1.2 ± 0.24 -0.3 ± 0.3 0.6 ± 0.18
HAY 0.8 ± 0.30 0.3 ± 0.39 1.1 ± 0.3 0.7 ± 0.17

l



Table A.7 Mean monthly backfat (mm) arid standard deviation of beef cows, 1986-1987 (exp. 2).

NOV 13 DEC 10 JAN 7 FEB 3

Maturecows:

NFLAX 8± 3.2 9±4.1 9±4.2 7± 3.1
LENTIL 7 ±5.0 10 ± 5.7 9 ± 4.8 9±2.4
NLENTll.. 11 ± 6.4 10 ± 5.8 10 ± 5.9 10 ± 2.9 00

WHCH 7±3.9 9± 3.8 8 ± 3.0 7±4.9 N

NWHCH 10 ± 6.7 11 ± 5.1 12 ± 5.2 11± 2.5
-

NWHST 10 ± 5.1 9±5.7 9±4.1 9 ± 1.8
HAY 12 ± 6.0 11 ± 5.8 10 ± 4.1 12 ± 3.4

Youngercows:

NFLAX 6 ± 2.4 6 ± 2.3 5±2.2 4±2.0
LENTIL 6±2.9 5 ± 2.7 7± 2.2 7 ± 1.0
NLENTIL 6±2.3 6±2.8 7±2.0 7 ± 1.9
WHCH 7± 3.0 6 ± 2.4 7 ±2.3 6±2.7
NWHCH s± 2.1 5 ± 1.6 7±2.2 8 ± 1.4
NWHST 6±2.0 6 ± 3.8 7± 3.6 6 ± 1.7
HAY 4 ± 1.3 5 ±2.7 7 ±2.8 o ± 1.4

• II



Table A.8 Mean monthly backfat change (mm) and standard deviation of beef cows, 1986-1987 (exp. 2).

NOV-DEC DEC-JAN JAN-FEB NOV-FEB

Maturecow�:

NFLAX 1 ± 3.1 0±2.6 -2 ± 1.8 O± 2.3

LE� 3 ±2.0 -1 ± 2.1 0±2.S 2± 3.7

NLENTIL 0±2.2 O± 1.8 0±4.9 0±S.5

WHCH 2±4.0 -1 ± 3.2 -1 ± 2.9 0±4.5 0"1

NWHCH 2±4.4 1 ± 3.3 -1 ± 3.4 1 ± 4.4 �

NWHST -1 ± 3.8 1 ± 3.2 0±2.4 -1 ± 2.6
-

HAY 0±4.6 -2 ± 3.1 2 ± 3.1 -1 ± 4.6

Youngercows:

NFLAX 0±2.5 -1 ± 1.5 -1 ± 2.8 -1 ± 1.7
LENTIL -1 ± 1.9 2±2.9 O±2.6 1 ± 1.4
NLENTIL o ± 1.4 1 ± 1.4 0±2.2 1 ± 1.4
WHCH -1 ± 3.7 II 1 ±2.7 -1 ± 2.3 0±2.7
NWHCH -1 ± 1.5 2±1.4 1 ±2.0 2± 1.9
NWHST o± 1.9 1 ± 1.9 -1 ± 1.2 O± 1.0
HAY 0±2.7 2± 1.5 0±2.2 2±2.0
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